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Abstract P-type ATPases are a large family of membrane proteins that perform active ion 
transport across biological membranes. In these proteins the energy-providing ATP hy- 
drolysis is coupled to ion-transport that builds up or maintains the electrochemical poten- 
tial gradients of one or two ion species across the membrane. P-type ATPases are found in 
virtually all eukaryotic cells and also in bacteria, and they are transporters of a broad vari- 
ety of ions. So far, a crystal structure with atomic resolution is available only for one spe- 
cies, the SR Ca-ATPase. However, biochemical and biophysical studies provide an abun- 
dance of details on the function of this class of ion pumps. The aim of this review is to 
summarize the results of preferentially biophysical investigations of the three best-studied 
ion pumps, the Na,K-ATPase, the gastric H,K-ATPase, and the SR Ca-ATPase, and to 
compare functional properties to recent structural insights with the aim of contributing to 
the understanding of their structure-function relationship. 



Introduction 

All living cells are surrounded by membranes that separate their strictly controlled cyto- 
plasmic contents from their environment, and within cells numerous compartments with 
specific functions and different compositions of components are enclosed also by mem- 
branes. These membranes consist of lipid bilayers, which are effective barriers for most of 
the water-soluble substances, such as ions, sugars, and amino acids. To perform its metab- 
olism, a cell needs selective and controlled transport of substrates and of end products of 
the metabolic processes across these membranes. This transport function is performed by 
membrane proteins. 
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Besides the separation of aqueous phases, a second function of membranes is the stor- 
age of energy in the form of chemical potential gradients, Ap^RT-ln (c{/cf), of sub- 
stances i in the case of uncharged substances or in the case of ions in the form of electro- 
chemical potential gradients, = RT ■ In (dj cj') + ZiF(<p' — cp"). 

On the basis of thermodynamic principles, two classes of transport proteins can be dis- 
criminated: proteins that perform passive and active transport. Passive transport is defined 
by facilitated diffusion “downhill” along the (electro-)chemical potential gradient of the 
transported substance whereby the energy gradient dissipates. Active transport occurs “up- 
hill,” increasing the (electro-) chemical potential of the transported substances. This is 
possible only if energy in the form of free energy, AG, is provided from another process 
which is coupled to the transport across the membrane. This energy input has to be larger 
than the (electro-) chemical potential, |AGjgt; Apt;. Active ion-transport proteins in animals 
are mostly ion transporters, so-called ion pumps. A careful and detailed introduction into 
the biophysics of ion pumps can be found in the monograph Electrogenic Ion Pumps (Lau- 
ger 1991). 

Energy sources that power active ion transport are light, e.g., in bacteriorhodopsin 
(Stoeckenius 1999; Der and Keszthelyi 2001; Lanyi and Luecke 2001), redox energy, e.g., 
in the cytochrome c oxidase (Michel 1999; Wikstrom 2000; Abramson et al. 2001), or de- 
carboxylation, e.g., in ion-translocating decarboxylases (Dimroth 1987; Michel 1999; 
Wikstrom 2000; Abramson et al. 2001). The most common energy-producing mechanism 
is, however, ATP hydrolysis in transport ATPases. 

Ion-motive ATPases are the largest and most diverse class of ion pumps. Three groups 
are discussed in the literature: (a) F-type ATPases (Dimroth et al. 2000; Papa et al. 2000; 
Capaldi and Aggeler 2002; Senior et al. 2002), which work in many cases in reverse direc- 
tion as so-called ATP synthetases, e.g., in the inner mitochondrial membrane or in the thy- 
lakoid membrane of chloroplasts. (b) V-type ATPases (Sze et al. 1992; Nelson 1995; For- 
gac 1999) which are ubiquitous H-ATPases with a structure related to that of F-type AT- 
Pases. They are found in cellular organelles of an ever-increasing number of different 
cells, (c) P-type ATPases, which are found in virtually all eukaryotic cells and also in bac- 
teria. 



P-Type ATPases 

In contrast to the other two types of ion-motive ATPases, P-type ATPases are of a much 
simpler structure (Mcillcr et al. 1996). They have an a-subunit of approximately 100 kDa 
that contains all components essential for enzymatic activity and transport. Examples of 
such single-subunit P-type ATPases are, e.g., Ca-ATPases (Carafoli 1992; Fee and East 
2001). Na,K-ATPase and H,K-ATPase are functional only if assembled together with a fi- 
subunit (McDonough et al. 1990; Geering et al. 2000; Geering 2001). In the case of the 
Na,K-ATPase, in specific tissues a y-subunit was found, which is also discussed as a regu- 
latory device (Berrebi-Bertran et al. 2001; Cornelius et al. 2001; Therien et al. 2001). 
Meanwhile, a whole family of such regulators was identified, called FXYD proteins (Be- 
guin et al. 2002; Garty et al. 2002). A K-ATPase of E. coli (the so-called Kdp-ATPase) is 
composed of three different polypeptides (Epstein et al. 1990; Altendorf et al. 1992). 

A second fundamental difference between P-type ATPases and the other ion-motive 
ATPases is their enzymatic reaction mechanism (Glynn 1985; Fancaster 2002), which 
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Fig. 1 Structure of the Ca-ATPase of the sarcoplasmatic reticulum in both principal conformations as re- 
solved by their crystal structure. Left: In its conformation Ca^F] (PDB file 1EUL) the spatial resolution was 
2.6 A (Toyoshima et al. 2000). Right: The structure in the E 2 conformation (PDB File 1IWO) was stabilized 
by tharpsigargin (not shown) and obtained from crystals with a resolution of 3.1 A. (Toyoshima and Nomu- 
ra 2002) 

contains a phosphorylated intermediate. The y phosphate of ATP is transferred to a highly 
conserved aspartyl residue in the large cytoplasmic loop between the forth and fifth trans- 
membrane segment. Specific to P-type ATPases is also that the enzymatic activity (and 
consequently ion transport) can be inhibited by ortho-vanadate, which acts as a tightly 
bound transition-state analogue of phosphate (Cantley et al. 1977). 

P-type ATPases are found in virtually all eukaryotic cells and also in bacteria, where 
they actively transport various ions. They are distributed in different classes (I-IV) and 
several subgroups (Sweadner and Donnet 2001) according to the ions they transport: Na + , 
K + , Ca 2+ , H + , Mg 2+ , Cu 2+ , Cd + , Hg + , and even Cl" (Gerencser 1996). 



Structural properties 

Although their molar masses vary between about 70 and 100 kDa, the first five transmem- 
brane domains and the large cytoplasmic loop, which forms the main part of the enzymatic 
machinery, are well conserved for all P-type ATPases. Yeast proteins mostly have six 
transmembrane domains, while those from animal tissues preferentially have ten (Swead- 
ner and Donnet 2001). 

A breakthrough in the understanding of structure-function relationships was made 
when the first highly-resolved 3D structure of a P-type ATPase became available with a 
resolution of 2.6 A (Fig. 1), the Ca-ATPase of the sarcoplasmatic reticulum in its Ei con- 
formation with 2 Ca 2+ ions bound (“Ca 2 Ei;” Toyoshima et al. 2000). The structure con- 
firms the topological organization of ten transmembrane helices deduced for Ca, Na,K-, 
H,K- and H-pumps by biochemical techniques (MacLennan et al. 1985), and the structure 
reveals several unexpected features. It was found (Toyoshima et al. 2000) that (a) both 
ions are located side by side with a distance of 5.7 A close to the middle of the transmem- 
brane section of the protein, (b) the ion binding sites are surrounded by the transmembrane 
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helices M4-M6 and M8, (c) the a helices M4 and M6 are partly unwound to provide an 
efficient coordination geometry for the two Ca 2+ ions, and (d) a cavity with a rather wide 
opening, surrounded by M2, M4, and M6 is discussed as an access structure on the cyto- 
plasmic side. The outlet of Ca 2+ is likely to be located in the area surrounded by M3-M5. 
The details of Ca 2+ occlusion sites fit well with that deduced in extensive mutagenesis 
studies (Clarke et al. 1989a, MacLennan et al. 1997). The parts of the protein protruding 
into the cytoplasm are divided into three domains, two domains, N (nucleotide) and P 
(phosphorylation), are formed by the loop between M4 and M5, well separated from a 
third A domain (actuator or anchor) formed by the loop between M2 and M3 and the tail 
leading into Ml. The fold of the P-domain is like that of L-2-haloacid dehalogenase and 
related proteins with homologies to P-type pumps in conserved cytoplasmic sequences 
(Saraste et al. 1990; Aravind et al. 1998). 

Recently, the structure of the SR Ca-ATPase in its second principle conformation, E 2 , 
stabilized by the specific inhibitor tharpsigargin [“EjfTG)”], became available with a reso- 
lution of 3.1 A (Toyoshima and Nomura 2002). Due to the low Ca 2+ -binding affinity in 
the E 2 state, it was not possible to obtain crystals with Ca 2+ ions bound which would allow 
a direct determination of the position of the binding sites. It was proposed that in E 2 (TG) 
the counterions H + are bound and access to the luminal sites is already locked. Neverthe- 
less, by comparison of both crystallized forms, Ca 2 Ej and E 2 (TG), it is possible to describe 
a number of changes in the protein structure that are important for conclusions on func- 
tional properties related to enzymatic and transport activity. [These differences are impres- 
sively visualized as supplementary information to Toyoshima and Nomura (2002) on Na- 
ture’s website (www.nature.com).] The three cytoplasmic domains, N, P, and A, which 
form the enzymatic machinery, are wide open in the Ca 2 Ei form, and they are folded to- 
gether to a much more compact assembly in the E 2 (TG) form (Fig. 1). This transition re- 
quires movements of the N domain of about 50 A and a rotation of the A domain of about 
110°. The cytoplasmic domains move as a whole in a MIO-to-Ml direction (Toyoshima 
and Nomura 2002). The P and N domains themselves are not changed between both con- 
formations. 

Despite the previously often discussed concept that in the membrane domains no major 
structural rearrangements are expected between different conformations of the pump, the 
reported changes of position and tilt of the first six transmembrane helices are dramatic. 
The transition between Ca 2 Ei and E 2 (TG) is rather complicated and includes partial un- 
winding of a-helices, bending a part of an a-helix by almost 90° (Ml), changing tilts (M2- 
M5), ~90° rotations (M6), shifts towards the cytoplasmic side (Ml, M2) or shifts in oppo- 
site direction by 5 A, which is almost one turn of an a-helix (M3, M4). (For more details 
see Toyoshima and Nomura 2002.) With respect to the cytoplasmic domains of the enzy- 
matic machinery the interplay between these is obvious, and it is clearly possible to imag- 
ine the concept that Ca 2+ binding has to trigger enzyme phosphorylation, and that a relax- 
ation of the phosphorylated form (and release of the nucleotide) subsequently disrupts the 
ion binding sites as seen in the crystallized E 2 (TG) conformation. The almost perfect coor- 
dination of both Ca 2+ ions in Ei (Toyoshima et al. 2000) is abolished in E 2 (TG) by a shift 
of M4 and a clockwise rotation of the three crucial residues on M6 out of site I (Toyoshi- 
ma and Nomura 2002). 

So far, the SR Ca-ATPase is the only P-type ATPase with such a detailed structural res- 
olution. From other members of this family only images with a lower resolution of about 
8 A are available (Kiihlbrandt et al. 1998; Scarborough 1999; Hebert et al. 2000). A com- 
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Fig. 2 Reaction scheme for a P- 
type H-ATPase. Ej and E 2 are 
the conformations of the protein 
with ion-binding sites facing cy- 
toplasm and extracellular medi- 
um, respectively. Certain transi- 
tions between neighboring states 
of the protein must be kinetically 
inhibited ( dashed lines) to pro- 
duce ATP-driven transport cycle 
{solid lines) that pumps H + ions 
out of the cell 



ADP 



HE r P 



P-E 2 H 




parison of such images with a similarly resolved SR Ca-ATPase structure (Zhang et al. 
1998) indicates that they agree in most of the important structural details. Therefore, a 
computer approach was used in which the conserved homology, especially in the ATP hy- 
drolysis site of the P-type ATPases (Jprgensen et al. 2001), as well as other aligned con- 
served segments, were mapped on the SR Ca-ATPase structure. Although the homology is 
highest for the Na,K-ATPase, this procedure led to reasonable results also for other P-type 
ATPases (Sweadner and Donnet 2001). Most insertions and deletions were predicted to be 
at the protein surfaces, and the similarity proposes a shared folding of all tested P-type 
ATPases, despite some particular exceptions. 

Therefore, the structural features of the SR Ca-ATPase will be used in the following 
paragraphs to represent the considerations of structure-function principles of P-type AT- 
Pases. 



Principles of transport functions 

The eminent importance of the insights into structural details of the SR Ca-ATPase is 
paired with a functional analysis, which is most elaborate for the Na,K-ATPase. The trans- 
port mechanism found for this ion pump could be generalized for all P-type ATPases. 
Since enzymatic and transport functions have to be coupled, the pump mechanism has to 
be a complex process. 

The analysis of the ion-transport process in P-type ATPases revealed that at least three 
categories of reactions have to occur, performed sequentially in forward or backward di- 
rection: (a) ion binding or release, (b) ion occlusion or deocclusion, and (c) transitions be- 
tween both principal conformations in which the binding sites become accessible from the 
cytoplasm (Ei) or from the opposite aqueous compartment (E 2 ). Taking these reactions 
into account, a general reaction scheme can be constructed which has eight states in the 
simplest case of a H-ATPase that transfers one H + per hydrolyzed ATP (Fig. 2). If all tran- 
sitions were allowed, such a protein would short-circuit the membrane for H + ions in the 
fashion of an ion carrier, and it would be able to dissipate the energy provided by ATP 
hydrolysis without ion transport. Therefore, a number of transitions have to be inhibited 
kinetically by the pump protein to perform active ion transport as indicated in Fig. 2 by 
dashed lines (Lauger 1991). Indeed, this reaction scheme was found to represent perfectly 
the function of a P-type H-ATPase from Enterococcus hirae (Apell and Solioz 1990). The 
transport of counterions, as found in most of the other P-type ATPases, can be constructed 
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Fig. 3 Post-Albers cycle for the 
Na,K-ATPase. Ei and E 2 are con- 
formations of the ion pump with 
ion binding sites facing the cyto- 
plasm and extracellular medium, 
respectively. (Na 3 )E]-P, E 2 (K 2 ) 
and E 2 (K 2 )-ATP are occluded 
states in which the ions bound 
are unable to exchange with ei- 
ther aqueous phases. Enzyme 
phosphorylation and dephosphor- 
ylation occurs on the cytoplasmic 
side of the protein 
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from such a simple scheme by stacking a second, analogous reaction cube underneath the 
one shown. 

The Na,K-ATPase maintains the electrochemical potential gradient of Na + and K + ions 
across cell membranes (Lauger 1991; Apell 1997; Glitsch 2001; Jprgensen and Pedersen 
2001). The ion transport is facilitated by coupling the energy-providing enzymatic process 
with a Ping-Pong mechanism of ion translocation. This process is described by the so- 
called Post-Albers cycle (Albers 1967; Post et al. 1972) which is in full agreement with 
the general scheme of Fig. 2. A representation of the Na,K-ATPase pump cycle is shown 
in Fig. 3. As can be seen from Fig. 3, the reaction sequence of ion binding, occlusion, con- 
formation transition and ion release is performed for both transported ion species. In addi- 
tion, coupling of the scalar enzymatic activity with the vectorial ion transport takes place 
in the occlusion reactions: enzyme phosphorylation by ATP together with Na + ion occlu- 
sion, and enzyme dephosphorylation together with K + ion occlusion. Under physiological 
conditions (i.e., at ATP concentrations above 50 pM), an additional reaction step was 
found: the so-called low-affinity ATP binding in state E 2 (K 2 ). This reaction, E 2 (K 2 ) + 
ATP — > E 2 (K 2 )-ATP, is not necessary to transport K + ions; however, it speeds up the sub- 
sequent conformation transition, E 2 (K 2 )-ATP — > IGEj-ATP, by a factor of ten (Simons 
1974; Glynn 1985). 

Respective “Post-Albers”-type pump cycles were also found for the SR Ca-ATPase (de 
Meis 1985; Inesi and de Meis 1989), the Ca-ATPase of the plasma membrane (Schatz- 
mann 1989), and the gastric H,K-ATPase (Faller et al. 1985; Flelmich-de Jong et al. 1987; 
Sachs et al. 1992). 

Significant differences were observed with respect to the stoichiometry of various P- 
type ATPases. For Na,K-ATPase, gastric FI,K-ATPase and SR Ca-ATPase counter-trans- 
port of ions was demonstrated. In the case of the Ca-ATPase, it was not so easy to verify 
counter-transport since the SR membrane is very leaky for monovalent cations so that nei- 
ther electric membrane potentials nor pH gradients can be monitored reliably across the 
SR membrane. Only after reconstitution of the SR Ca-ATPase in proteoliposomes con- 
vincing evidence was produced that it is a Ca,H-ATPase (Yu et al. 1993, 1994). For a 
number of other ATPases, studies of the transport properties are not sufficiently advanced 
to establish counter-transport or stoichiometry. 

The three best investigated P-type ATPases showed different stoichiometries: 3 Na + /2 
K + /l ATP for the Na,K-ATPase, 2 H + /2 K + /l ATP for the gastric H,K-ATPase, and 2 
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Fig. 4 Profile of the potential en- 
ergy of the proton along its path- 
way in states HE[, (H)Ei-P and 
P-E 2 H. The high energy barriers 
symbolize a virtually impenetra- 
ble structure for an H + ion. a', /?'. 
P" and a" represent relative di- 
electric distances which charac- 
terize the fraction of the mem- 
brane potential that has to be tra- 
versed by ions between two 
neighboring pump states. In the 
occluded state, equilibration be- 
tween binding site and aqueous 
phase is blocked on both sides. 
Nonzero values of the dielectric 
distances correspond to an elec- 
trogenic contribution. Dielectric 
and spatial distances are not nec- 
essarily the same 




Ca 2+ /2 H + /l ATP for the SR Ca-ATPase. From the amount of charges transported per cy- 
cle, an important parameter is determined — the electrogenicity of the pump. It is defined 
as the number of elementary charges moved out of the cytoplasm per molecule ATP hy- 
drolyzed. From the numbers given above, the following electrogenicities are obtained: +2 
(SR Ca-ATPase), +1 (Na,K-ATPase) and 0 (gastric H,K-ATPase). However, even when 
no net charge is translocated across the membrane, as in the case of the H,K-ATPase, ions 
are moved through the membrane (or protein) dielectric. Therefore, while proceeding 
through each half cycle of the respective Post-Albers scheme, charge movements have to 
occur. An important question is: which of the four steps of a half cycle, (a) ion binding, 
(b) ion occlusion, (c) conformation transition, and (d) ion release to the opposite side, is 
associated with a shift of charge(s) within the membrane dielectric, and how large is its 
contribution to the total charge movement? 

To quantify such charge movements we consider a potential-energy profile of an ion 
along its transport pathway in different states of a half cycle (Fig. 4). For the sake of sim- 
plicity, again an H-ATPase is chosen which transports one H + . The “dielectric” distance 
(or “dielectric coefficient”) was introduced as a characteristic parameter to describe the 
fraction of membrane dielectric over which the charge is shifted perpendicular to the plane 
of the membrane (Lauger 1991). If a dielectric coefficient is nonzero, the respective reac- 
tion step in the Post-Albers scheme is termed “electrogenic.” In Fig. 4, for example, the 
dielectric coefficient for cytoplasmic binding of a H + ion would be a! . According to the 
conservation principle, the conservation condition, a'+(5'+P"+a"= 1, has to be fulfilled for 
the transfer of each ion across the whole membrane. 

When the ion-binding sites are inside the membrane part of the protein, as was shown 
for the SR Ca-ATPase (Toyoshima et al. 2000), for the access to these sites two different 
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limiting cases can be considered: The access may take the form of a wide, water-filled 
funnel (or vestibule) or a narrow channel which even may require (partial) dehydration of 
the ions or which may be selective for the transported ion species. The difference between 
both cases is that in the case of a vestibule, water and all kinds of ions can enter so that the 
electrical conductance is large, no electrical field can build up, and the drop of the trans- 
membrane electric potential is negligible. In the other case, part of the transmembrane 
electric potential will drop across the length of the channel and, therefore, generate a so- 
called high-field access channel or “ion well’’ (Mitchell and Moyle 1974; Lauger and 
Apell 1986). Only in the latter case the movement of ions is electrogenic. 



Detection of transport functions 

Various experimental techniques were developed and applied to study and analyze trans- 
port functions of P-type ATPases. The most comprehensive investigations were performed 
with the Na,K-ATPase. Therefore, in the following paragraphs the various presented ex- 
perimental techniques will mainly refer to publications on transport properties of this ion 
pump. 



Tracer flux studies 

The counter-transport of Na + and K + allows detailed studies of ion movements in both di- 
rections through the membrane. Since no K + isotopes with convenient half-life times, t\a, 
are available, 86 Rb was used instead. It has a t\a of 18.7 days, and Rb + is a congener of K + 
with similarly high binding affinity (Karlish et al. 1978; Beauge and Glynn 1979; Glynn 
and Richards 1982; Schneeberger and Apell 2001). Transport studies were performed in 
compartmentalized preparations, such as erythrocytes (Sen and Post 1964; Karlish and 
Glynn 1974; Sachs 1977; Beauge and Glynn 1978), inside-out vesicles of red blood cells 
(Blostein 1979, 1983), and reconstituted proteoliposomes (Anner et al. 1977; Anner and 
Moosmayer 1981; Karlish and Pick 1981; Karlish et al. 1982; Cornelius 1991). A rapid 
filtration method for time-resolved measurements of isotope flux from membrane vesicles 
was introduced by Forbush with a time resolution of about 30 ms (Forbush, III 1984a, 
1984b, 1987). Isotope-flux experiments allow the determination of stoichiometries, ion oc- 
clusion, and transmembrane movements. However, due to the limited time resolution, ki- 
netical analyses are possible only for slow processes. In the case of the SR Ca-ATPase, 
radioactive Ca isotopes were used to demonstrate sequential binding of the two Ca 2+ ions 
and transport in the so-called single-file mode (Inesi 1987). 



Electrophysiological approaches 

A second and by far wider approach to study transport functions and kinetics are electro- 
physiological methods. In this field especially the Na,K-ATPase was scrutinized. The Ca- 
ATPase in SR membranes cannot be measured by direct electric techniques since the 
(leak) conductance of this membrane is high due to the permeability for monovalent ions. 
The field of methodological approaches for the Na,K-ATPase reaches from investigation 
of whole epithelia (Horisberger and Giebisch 1989) to squid axon (Rakowski et al. 1987), 
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cardiac myocytes (Gadsby et al. 1985; Nakao and Gadsby 1986), Purkinje cells (Glitsch 
and Tappe 1995) and giant membrane patches (Hilgemann 1994). Neurospora cells were 
used to study a H-ATPase (Slayman and Sanders 1985). Injection of mRNA into oocytes 
became a very successful technique, not only to investigate in a convenient way different 
isoforms of the Na,K-ATPase, but also to study mutated pumps or chimera between Na,K- 
ATPase and H,K-ATPase or SR Ca-ATPase (Lafaire and Schwarz 1985; Horisberger et al. 
1991; Jaunin et al. 1993; Zhao et al. 1997; Mense et al. 2000). Additional access to the 
Na,K-ATPase expressed in oocytes was obtained by the cut-open technique that allows in- 
ternal perfusion of the oocytes in a simple way (Holmgren and Rakowski 1994). In such 
cellular membrane systems both sides of the membrane are accessible separately and be- 
sides transmembrane pump currents, the current-voltage dependencies of the ion pumps 
can be determined. These so-called I-V curves provide important information on the pump 
mechanism (Lauger and Apell 1988; Lauger 1991; de Weer et al. 2000). In experiments 
with native membranes, a prominent problem is the presence of various other ion-transport 
systems, such as ion channels and ion carriers, which may produce electric currents larger 
than that from ion pumps. Therefore, the other ion-transport proteins have to be blocked 
by inhibiting agents, and the residual currents have to be measured in the absence and 
presence of specific pump inhibitors. The difference of the currents in the absence and 
presence of the inhibitor represents the pump-specific ion transport. Certain cardiac glyco- 
sides are appropriate inhibitors for those experiments in the case of the Na,K-ATPase (Le- 
derer and Nelson 1984; Gadsby 1984). 

To overcome the difficulties of native membranes, a supplementary approach was cho- 
sen in which purified membrane preparations were used so that the only remaining trans- 
port protein was the Na,K-ATPase (Jprgensen 1974). Since the resulting membranes are 
no longer vesicular but flat membrane patches which have sizes in the order of 1 pm diam- 
eter or less (although they have densities of up to 7,000 pump molecules per pm 2 ), their 
transport properties cannot be measured directly with electrodes on both sides of the mem- 
brane. However, they became accessible to electric studies on the basis of a proposal by 
Peter Lauger who suggested adsorbing the Na,K-ATPase-containing membranes onto 
black lipid membranes (BLM) and triggering the pump action with an ATP-concentration 
jump by release of ATP from its inactive precursor, caged ATP (Fendler et al. 1985; Bor- 
linghaus et al. 1987; Apell et al. 1987; Fendler et al. 1988, 1993; Sokolov et al. 1998). 
This method was also applied in studies of the SR Ca-ATPase (Hartung et al. 1987) and of 
the gastric H,K-ATPase (Fendler et al. 1988). A more recent development in this tech- 
nique is the use of so-called solid-supported membranes, which are much more stable than 
BLM and which allow an easy exchange of the buffer composition (Seifert et al. 1993; 
Pintschovius and Fendler 1999; Domaszewicz and Apell 1999). 

Reconstitution of Na,K-ATPase in BLMs turned out to be tricky since the ions pumps 
tend to denature and to form ion-channel-like structures during this procedure (Reinhardt 
et al. 1984). The results with incorporated, active ion pumps were not easily reproducible 
and generated rather small currents under turnover conditions (Eisenrauch et al. 1991). 
Similar small currents (<30 fA) were reported for reconstituted SR Ca-ATPase (Eisen- 
rauch and Bamberg 1990; Nishie et al. 1990). 

Measurements of the electric current through the Na,K-ATPase can be combined with 
tracer flux experiments to analyze transport stoichiometry in squid axon (de Weer et al. 
1988, 2001) and in oocytes (Schwarz and Gu 1988; Rakowski 1989). 
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Fig. 5 pH and conformation de- 
pendence of the 5-IAF label co- 
valently linked to rabbit a 1 
Na,K-ATPase. The conforma- 
tion-dependent shift of the titra- 
tion curve fitted through the ex- 
perimental data indicates that the 
local pH in the environment of 
the label is modified by rear- 
rangements of amino-acid side 
chains. The respective pK values 
of the curves are 6.55 (Na 3 Ei), 
6.7 (Ei) and 6.8 (E 2 (K 2 )). The 
conformation-induced shift ex- 
plains the fluorescence changes 
when the detection is performed 
at constant bulk pH 




Fluorescence methods 

Over the past two decades fluorescence methods were advanced to gain detailed informa- 
tion on structural changes and transport properties of P-type ATPases. Intrinsic tryptophan 
fluorescence (Karlish and Yates 1978; Boldyrev et al. 1983; Demchenko et al. 1993; M0l- 
ler et al. 1996; Ferreira and Coelho-Sampaio 1996) as well as the fluorescence of covalent- 
ly bound labels or of membrane soluble dyes (“extrinsic fluorescence”) can be used to de- 
tect function-dependent responses of the proteins. 

The first set of applied labels were fluoresceine derivatives which could be bound cova- 
lently to specific amino acids and which reported conformational changes. Fluorescein-5 - 
isothiocyanate (FITC) binds to Lys-501 within the ATP-binding site and thus prevents 
ATP binding and enzyme phosphorylation by ATP (Hegyvary and Post 1971; Sen et al. 
1981; Farley and Faller 1985). Flowever, FITC responds with a significant fluorescence 
change to the conformation transition between Ej and E 2 (Rephaeli et al. 1986; Karlish 
1988). Recently it was demonstrated that FITC also reports binding of the third Na + ion to 
the Na,K-ATPase (Schneeberger and Apell 1999). Due to the high conservation of the 
ATP-binding site in the P-type ATPases, FITC binding could be performed successfully 
also with SR Ca-ATPase (Kirley et al. 1985; Seidler et al. 1989) and with gastric H,K- 
ATPase (Asano et al. 1989; Faller et al. 1991). 

The second fluoresceine derivative that detects conformation transitions of the Na,K- 
ATPase is 5-iodoacetamidofluorescein (5-IAF) (Kapakos and Steinberg 1982, 1986). This 
label binds to Cys-457 (Tyson et al. 1989), well away from the ATP binding site, so that 
the protein can be phosphorylated by ATP and is able to perform its complete pump cycle, 
a clear advantage over the FITC label. However, for the a 1 isoforms of the Na,K-ATPase 
from various animals, the substrate-induced fluorescence changes of 5-IAF showed signif- 
icant differences: no responses were found in pig enzyme, intermediate responses in rabbit 
enzyme, and maximal responses in dog enzyme (Steinberg and Karlish 1989; Sturmer et 
al. 1989). The underlying mechanism of these fluoresceine labels is that of a pH indicator 
which responds to small pH changes in the local environment of the label. In Fig. 5, pH 
titrations of the 5-IAF fluorescence intensity are shown for three different states of labeled 
rabbit kidney Na,K-ATPase. It can be seen that changes of the protein conformation, in- 
duced by additions of substrates such as Na + , ATP, and K + , shift the titration curves, prob- 
ably due to small variations of the protein-surface shape near the attached fluorescent label 
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and, in consequence, charged amino-acid side chains affect the local ion concentration on 
the protein surface (by a Guy-Chapman effect) and, consequently, also the local pH. When 
the bulk pH is buffered, as it was in the experiments performed to study the pump action, 
the fluorescence intensity is modulated with protein-conformation changes. 

Further fluorescent labels applied to monitor conformational changes are eosin (Skou 
and Esmann 1981, 1983; Lin et al. 1997) and erythrosin 5'-isothiocyanate (Linnertz et al. 
1998a, 1998b). Various fluorescent labels which can be bound simultaneously at different 
locations of the pump protein can also be used to determine distances between selected 
domains by the Forster resonance energy transfer mechanism (Linnertz et al. 1998b). 

Fluorescent probes were also used to detect ion transport by P-type ATPases. In such 
studies, ion pumps are reconstituted in lipid vesicles, in which the inside-out oriented AT- 
Pases can be activated by addition of ATP, and transport activity is monitored by a fluo- 
rescence response to the generated electric membrane potential due to the electrogenicity 
of the ion pump. For a quantitative analysis, inhomogeneities of the vesicles in diameter 
and number of active pump molecules have to be taken into account (Apell and Lauger 
1986). Appropriate dyes are LS^l'^'^'-hexamethylindodicarbocyanine (NK529; Apell 
et al. 1985), oxonol VI (Apell and Bersch 1987) and the carbocyanine dye DiS-C3-(5) 
(Goldshlegger et al. 1987). These dyes redistribute between aqueous phase and membrane 
as a function of the membrane potential across the membrane. Therefore, their time reso- 
lution is limited by the redistribution process. Typical time constants are on the order of 
300 ms (Clarke and Apell 1989). With these assays, numerous transport properties could 
be determined for the Na,K-ATPase (Cornelius 1989; Clarke et al. 1989b, Goldshleger et 
al. 1990; Apell et al. 1990), for the SR Ca-ATPase (Cornelius and Moller 1991; Yu et al. 
1993, 1994), and for a H-ATPase from Enterococcus hirae (Apell and Solioz 1990). The 
H,K-ATPase cannot be studied with such an approach due to its overall electroneutrality. 

Styryl dyes, such as RH160, RH237, and RH421, were used since 1988 to trace pump 
activity of the Na,K-ATPase (Klodos and Forbush, III 1988; Biihler et al. 1991). These 
dyes, and others of this family, are hydrophobic compounds of amphiphilic character, 
which insert into lipid membranes in an aligned manner (Pedersen et al. 2001). Due to 
their electrochromic mechanism, they detect changes of local electric fields in the mem- 
brane dielectric (Loew et al. 1979; Fluhler et al. 1985) and, therefore, report charge move- 
ments in membrane preparations in which ion pumps are present in a sufficiently high den- 
sity (>10 3 /pm 2 ; Pedersen et al. 2001). Styryl dyes are so-called fast dyes since their re- 
sponse times are in a submicrosecond range. They can be applied to membrane vesicles or 
to open membranes, such as purified microsomal preparations of the Na,K-ATPase, so that 
a transmembrane ion transport is not detected but movements of ions into the membrane 
domains of the ion pumps or their release into the aqueous phase are detected (Stunner et 
al. 1991). (RH421 can also be used to follow the transmembrane potential generated by 
Na,K-ATPase action; however, typical fluorescence changes were 15% per 100 mV trans- 
membrane potential, while oxonol VI showed about 100% change in the same experi- 
ment.) With respect to the Na,K-ATPase, a variety of styryl dyes were tested which pro- 
duced differently large responses for the electrogenic partial reactions (Biihler et al. 1991; 
Fedosova et al. 1995; Pedersen et al. 2001). With this method, a wide spectrum of partial 
reactions of the Na,K-ATPase was studied and analyzed which resulted in an advanced 
understanding of ion binding affinities (Sturmer et al. 1991; Biihler and Apell 1995; 
Schneeberger and Apell 1999, 2001), rate constants of single reaction steps (Pratap and 
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Robinson 1993; Heyse et al. 1994; Visser et al. 1995; Clarke et al. 1998; Humphrey et al. 
2002) and the energetics of the pump cycle (Apell 1997). 

Styryl dyes were also used to investigate an H-ATPase from Neurospora (Nagel et al. 
1991), the SR Ca-ATPase (Butscher et al. 1999; Peinelt and Apell 2002), and recently the 
possibility of a comparable application with the gastric H,K-ATPase was demonstrated 
(Diller et al. 2003). 



Inhibitors 

All P-type ATPases may be functionally blocked by inhibitors. A common inhibitor of all 
P-type ATPases is ortho-vanadate, which binds with significantly higher affinity than 
phosphate to the phosphorylation site (Cantley et al. 1977; Stankiewicz et al. 1995) and 
blocks the pumps in their occluded E 2 state. Specific inhibitors for the different ATPases 
are widely used to discriminate the activity of a single pump species or to “freeze” the 
protein in a defined conformation. 

The Na,K-ATPase has been known for half a century to be inhibited by cardiac glyco- 
sides (Schatzmann 1953), a whole family of compounds of which ouabain is the most well 
known (Glynn 1985). Cardiac glycosides block the Na,K-ATPase from the outside of the 
membrane. 

In the case of the gastric H,K-ATPase, a well-known inhibitor is the compound 
SCH28080, which also inactivates from the outside of the cell by blocking the access of 
the binding sides for K + ions (Keeling et al. 1988; Vagin et al. 2002). 

The most frequently used inhibitor of the SR Ca-ATPase is tharpsigargin (Lytton et al. 
1991; Inesi and Sagara 1992). It blocks the protein in its E 2 conformation and the interac- 
tion between inhibitor and protein is known in detail since it could be resolved in the crys- 
tal structure of the protein-inhibitor complex (Toyoshima and Nomura 2002). 



Detailed ion-transport mechanism 

The methods introduced above were used during the last two decades to resolve the pump 
mechanisms of a number of P-type ATPases. The three ion pumps for which detailed in- 
formation is available will be discussed in the following paragraphs. Since the number of 
publications that contain contributions to the mechanism is so large, in the following para- 
graphs, references will be provided mainly to recent review-type articles, which allow ac- 
cess to the abundance of data, and to a few articles which contain important new insights. 



Na,K-ATPase 

The Na,K-ATPase is a crucial transport protein of all animal cells which maintains the 
electro-chemical potentials for Na + and K + ions across the cytoplasmic membrane at the 
expense of ATP hydrolysis. The K + concentration gradient controls mainly the electric 
membrane potential, which is reflected by the fact that the electrochemical gradient for K + 
is close to its thermodynamical equilibrium. In contrast, the electrochemical potential for 
Na + is kept far away from its equilibrium and is, therefore, an energy source for many 
transmembrane processes, such as the initial part of the action potentials in excitable cells 
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and secondary active transport proteins which couple uphill transport of sugars, amino ac- 
ids, or Ca 2+ ions to the downhill movement of Na + . (For a review see Lauger 1991.) 

Recent synopses on the investigation of ion transport by the Na,K-ATPase can be found 
in several reviews (de Weer et al. 2000; Pavlov and Sokolov 2000; Apell and Karlish 
2001). As can be seen from the Post-Albers scheme in Fig. 3, the ion transport can be split 
into a sequence of outward Na + transport followed sequentially by an inward K + transport. 
Both branches were analyzed in great detail. 

Forward Na + transport, Ei + 3 Na + cyt — > E 2 -P + 3 Na + ext , requires ATP, and ATP hy- 
drolysis occurs only with 3 Na + bound to the protein. Even if only Na + ions are present on 
the cytoplasmic side of the pump, virtually no transition into a state E 2 (Na 2 ) has been 
found, in contrast to other congener cations (K + , Rb + , Cs + , NFl 4 + , Tl + ), which antagonize 
Na + binding and cause a conformational change into the occluded E 2 state after two ions 
have bound. The virtual absence of the state E 2 (Na 2 ) is in agreement with the observation 
that binding of the third Na + ion occurs with a higher affinity than binding of the second, 
and stabilizes the protein in the Na 3 Ei state. This can be understood only by assuming that 
the third Na binding site becomes available after two Na + ions have already bound 
(Schneeberger and Apell 2001). Binding of the first two Na + ions was found to be appar- 
ently electroneutral (like binding of 2 K + ions or their congeners); binding of the third Na + 
ion is electrogenic with a dielectric coefficient of 0.25 (Domaszewicz and Apell 1999). 
The time resolution of the techniques available to study cytoplasmic Na + binding is not 
yet high enough to determine the rate constant of these reaction steps; only equilibrium 
dissociation constants could be obtained. Occupation of the third, highly selective Na + 
binding site, which is also formed by transmembrane parts of the Na,K-ATPase, is strictly 
correlated with a detectable effect on the fluorescent FITC-labeled enzyme. This is inter- 
preted as an Na + -induced structural transition in the nucleotide binding site, probably a 
transition state between the “open” configuration of the N, P, and A domains of the cyto- 
plasmic part of the protein to a more compact or “closed” one as observed in the E 2 con- 
formation, as can be seen in Fig. 1 (Toyoshima and Nomura 2002). This transition in- 
cludes a movement of bound ATP into a position where its y phosphate becomes able to 
coordinate with Asp-371, the phosphorylation site. Thus, binding of the third Na + ion en- 
ables the enzyme to become phosphorylated, and this “trigger” ensures that no ATP is 
wasted unless three Na + ions are bound inside the pump. The subsequent phosphorylation 
of the enzyme is correlated with an occlusion of the three Na + ions, Na 3 Ei-ATP — > 
(Na 3 )Ei-P + ADP. This process is electroneutral, i.e., no net charge movement within the 
membrane domain could be detected (Borlinghaus et al. 1987). Therefore, the rate con- 
stants of this step could be determined only indirectly. Assuming that the enzymatic and 
transport-coupled reaction are tightly correlated, the rate constants of enzyme phosphory- 
lation, obtained by experiments with radioactive ATP, can be accepted as reference value. 
The phosphorylation-induced occluded state, (Na 3 )Ei-P, is only transient; it cannot be sta- 
bilized (unless the protein is treated by oligomycin). 

When phosphorylated by ATP, the enzyme performs a conformational transition into 
its E 2 -P states, in which the bound Na + ions are successively deoccluded and released. The 
voltage sensitivity of this partial reaction was demonstrated with internally perfused squid 
giant axons and the major component of charge movement was assigned to the Na + release 
(or binding) steps (Gadsby et al. 1993). While the conformational relaxation is of minor 
electrogenicity, the release of the first Na + to the extracellular aqueous phase is the domi- 
nant charge-carrying step. It was found that this ion moves through 65%-70% of the pro- 
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Fig. 6 Electric current caused by extracellular release of Na + from the Na,K-ATPase in the membrane of a 
giant squid axon. The charge movement was elicited by a 500 (ts-step from 0 to -1 10 mV (Holmgren et al. 
2000). From such data the presence of three time constants in the range of <30 ps, 250 ps and >4 ms can be 
derived by fitting with three exponential functions. These processes reflect the Na + movements through 
their "access channel" and intermediate relaxations of the protein structure that deoccluded the binding 
sites. (From Holmgren at al. 2000, with kind permission) 



tein dielectric (Wuddel and Apell 1995). This may be explained by a narrow and deep ac- 
cess channel or “ion well” between the binding site in the protein and the aqueous outside 
of the protein. The release of the first Na + is followed by another conformational relax- 
ation, which brings the remaining two Na + ions “electrically” closer to the extracellular 
aqueous phase because their release in the next reaction steps contributes with dielectric 
coefficients of 0. 1-0.2 only. As shown in Fig. 6, the kinetics of deocclusion/release reac- 
tions has been analyzed recently and was found to occur with increasing rate constants 
from the first ion (S1000 s" 1 ) to the third (S10 6 s" 1 ; Holmgren et al. 2000). The reduced 
electrogenicity of the second and third Na + -release step is matched by corresponding di- 
electric coefficients of K + binding (Rakowski et al. 1990), which are the reaction steps fol- 
lowing under physiological conditions. Thus, the ion release process may be explained by 
assuming that the first Na + ion moves through a narrow and long access channel while the 
next two Na + ions released face a shallow channel. At least two different mechanisms 
could explain the transformation from a “deep” to “shallow” ion-well after release of the 
first Na + ion: (a) In a major structural rearrangement of the protein, the narrow ion well 
widens to become a large vestibule, which then is filled by electrolyte so that the electric- 
potential surface will come close to the binding sites, or (b) small rearrangements of the a 
helices allow water molecules to penetrate into the protein matrix from the outside and 
thus increase the dielectric constant in between binding sites and aqueous phase signifi- 
cantly. This process would also deform the shape of the electric potential within the pro- 
tein. The latter mechanism would also enable an immediate rehydration of the ions when 
they are released from their sites without having to migrate as unscreened charges through 
protein matter whose polarization would be rather energy consuming. 

There is convincing experimental evidence that K + transport is electroneutral, i.e., that 
no net charge is moved within the protein between states E 2 -P(K 2 ) and E( (Goldshlegger 
et al. 1987; Rakowski et al. 1990; Domaszewicz and Apell 1999). However, under physio- 
logical conditions, the extracellular K + concentration is far above the half-saturating con- 
centration of the ion sites so that an electrogenic K + binding would be hidden in experi- 
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ments under this condition (Lauger and Apell 1988). Detailed studies of extracellular K + 
binding steps proved indeed its electrogenicity (Rakowski et al. 1990; Bielen et al. 1991; 
Biihler and Apell 1995; Peluffo and Berlin 1997). 

The partial reaction between E 2 -P(K 2 ) and Ei can be investigated in the so-called K + / 
K + exchange mode, in the presence of K + , with or without Mg 2+ and with inorganic phos- 
phate, P;. The experimental findings were explained under the assumptions that (a) the 
positive charges of the two ions are counter-balanced by two negative charges of the pro- 
tein, (b) the binding sites in state E 2 -P are located inside the protein and are accessible 
through an ion well, and that (c) in the Ej conformation binding of K + (or its congeners 
Li + , Rb + , Cs + , Tl + , and NH 4 + ) is electroneutral, i.e., the binding sites are not buried inside 
the protein (Goldshlegger et al. 1987; Wuddel and Apell 1995; Domaszewicz and Apell 
1999). 

As will be shown below, in the case of the SR Ca-ATPase and the gastric H,K-ATPase, 
all ion binding and release steps are electrogenic, an observation which is in agreement 
with a position of Ca 2+ ions in the E| conformation of the SR Ca-ATPase inside the mem- 
brane-spanning parts of the protein (Toyoshima et al. 2000; Toyoshima and Nomura 
2002). Therefore, the generally agreed structural similarity of Na,K-ATPase and SR Ca- 
ATPase (Sweadner and Donnet 2001; Toyoshima and Nomura 2002) argues that ion bind- 
ing to the Na,K-ATPase ought to be electrogenic, not only in the P-E 2 form, as it was pro- 
ven, but also in Ei. However, K + binding in Ej was found to be electroneutral, and only 
binding of the third Na + ion appeared to be electrogenic (Domaszewicz and Apell 1999; 
Schneeberger and Apell 2001). This discrepancy may have two possible explanations: (a) 
the position of the ion binding sites in the Na,K-ATPase is significantly different from that 
in the SR Ca-ATPase and H,K-ATPase, or (b) the electrogenicity of the binding and re- 
lease steps in E] is obscured by simultaneous counter-movement of H + ions. A hint point- 
ing to the second proposal was found in the fact that in the absence of K + and Na + it is 
possible to phosphorylate the enzyme by P; and that the apparent rates of this pathway are 
pH-dependent. From the analysis of the kinetics it was concluded that the transition E 2 -P 
— > Ei occurs with two H + ions bound and the transitions with empty binding sites is either 
extremely slow or absent (Apell et al. 1996). Recently acquired evidence shows that the 
missing electrogenicity of K + release and binding of the first two Na + in state Ei can be 
explained by an obscuring counter-movement of H + ions (Apell and Diller 2002). The ob- 
vious ability of the two “non-Na + specific” binding sites to bind two H + ions in E] with an 
apparent pK that is higher than the cytoplasmic pH under physiological conditions can ex- 
plain the apparently electroneutral Na + and K + binding or release. These ion-exchange pro- 
cesses result in apparently electroneutral release and binding steps, and maintain, besides 
a closely related structural relationship, also a mechanistic agreement between Na,K-AT- 
Pase, gastric H,K-ATPase, and SR Ca-ATPase. 

Therefore, the biochemically based Post-Albers scheme of the Na,K-ATPase can be 
expanded as shown in Fig. 7 to explain the transport cycle in greater details. The main dif- 
ference to the previously proposed pumping mechanism (Apell and Karlish 2001) consists 
of the placement of all binding sites, as in the case of the SR Ca-ATPase, inside the mem- 
brane domains of the protein. Under physiological conditions in conformation Ei the two 
binding sites, which are able to bind all kinds of monovalent cations, are always occupied, 
if not by Na + or K + ions then by H + (Apell and Diller 2002). After two Na + ions are bound, 
the coordination of these ions is assumed to induce a minor conformational rearrangement 
in the membrane domain, providing access to the third, high-affinity, and Na + -selective 
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Fig. 7 Refined mechanistic model of the ion transport through the Na,K-ATPase on the basis of the Post- 
Albers cycle, structural constraints from the Ca-ATPase, and the analysis of charge movements during the 
transport process. Those reaction steps marked with Greek letters indicate the electrogenic processes that 
were detected under physiological conditions. The corresponding dielectric coefficients are a=0.25, I . 
(■)()=(). 65. d 1 = 62 = 0 . 1 -0.2. The apparent electroneutrality (at pH 7) of K + release and binding of the first two 
Na + ions on the cytoplasmic side is caused by a counter movement of two H + ions 



site (Schneeberger and Apell 2001) that does bind an Na + (at least under physiological 
conditions). This step may be accompanied by a so-called preocclusion of the first two 
Na + ions bound, prohibiting their exchange with the aqueous phase. Binding of the third 
Na + to its site about 25% inside the membrane domain is thought to require an additional 
adaptation of the transmembrane helices to coordinate the ion. This process will affect the 
N and/or P domain leading to enzyme phosphorylation and the conformation transition 
into state P-E 2 Na 3 . As in the case of the Ca-ATPase, it can be expected that this major 
transition Ei — > Et moves the a-helices of the membrane domain and distorts the coordi- 
nation of the Na + ions in their sites so that the binding affinities decrease by 2-3 orders of 
magnitude (Wuddel and Apell 1995). This transition shows only a minor electrogenic 
charge movement within the membrane domain. Due to the small amplitude of this effect, 
so far it has not been resolved which charges are moved. 

Because of the high dielectric coefficient (0.65-0.7), the first Na + ion released to the 
extracellular aqueous phase is assumed to be the ion bound last in Ej. After its removal, a 
further structural relaxation is proposed (Hilgemann 1994) which allows the remaining 
two ions to migrate to the aqueous phase with a significantly smaller dielectric coefficient 
when compared with the first Na + ion. An intrusion of a number of water molecules would 
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be sufficient to increase the local dielectric constant sufficiently to account for the reduc- 
tion in electrogenicity (Wuddel and Apell 1995). 

In the P-E 2 state the pK of the binding moieties is significantly lower than in Ei so that 
under physiological pH no protonation occurs (Apell and Diller 2002). However, the affin- 
ity for K + ions is so high in the relaxed P-E 2 state that subsequent K + binding occurs spon- 
taneously and fast in an electrogenic manner (Rakowski et al. 1990). Subsequently, occlu- 
sion of the K + ions due to enzyme dephosphorylation and the conformation transition back 
into E ; (with or without ATP in the low-affinity binding site) occur without detectable 
electrogenicity. The requirement of two negative counter charges in the binding sites to 
account for the electroneutrality loses weight when the sites remain inside the membrane 
domain and are no longer shifted close to the cytoplasmic surface, as was required in the 
previous functional model. On the basis of the Ca-ATPase structure, the primary role of 
charged amino acids will be creation of an energetically favorable coordination of the de- 
hydrated ion, i.e., of the structure named binding site(s). In E| the K + ions are able to ex- 
change freely with the aqueous cytoplasm and charged amino acids in the binding sites are 
immediately compensated by two H + ions so that a K + release without electrogenic contri- 
butions is mimicked. 

In summary, the ion-transport mechanism is in agreement with an alternate access mod- 
el in which the binding sites remain at (almost) the same location and the protein move- 
ments open and close the access to these sites alternately on both sides (Lauger 1984). 



SR Ca-ATPase 

The purpose of the Ca-ATPase of the sarcoplasmatic reticulum is to promote muscle relax- 
ation by pumping Ca 2+ ions back into the lumen of the reticulum. In this action the protein 
is able to build up a 10 4 -fold concentration gradient across the membrane. With respect to 
the known stoichiometry of 2 Ca 2+ ions transported per ATP hydrolyzed, this process is 
energetically possible only by the fact that no electric potential is generated across the SR 
membrane. This is made secure in part by counter-transport of 2 H + but mainly by a high 
leak conductance of the membrane for ions other than Ca 2+ . 

As pointed out recently, the snapshots of the SR Ca-ATPase structure in its two basic 
conformations are a major step in the understanding of pump dynamics of P-type ATPases 
(Green and MacLennan 2002). Unfortunately, a direct analysis of the transport functions 
of this ion pump is almost impossible. Due to the mentioned leak conductance of the SR 
membrane, it is electrically short-circuited, and only processes with time constants short 
against the RC time of the SR-vesicle membrane may be detected. Therefore, it was diffi- 
cult to determine the existence of H + counter-transport by the pump (Madeira 1978; Chiesi 
and Inesi 1980), and only after reconstitution of the Ca-ATPase in lipid vesicles (Cornelius 
and Mpller 1991) a proof of counter-transport and of electrogenicity was provided (Yu et 
al. 1993, 1994). The application of three different fluorescent dyes to detect membrane po- 
tential as well as luminal pH and Ca 2+ concentration demonstrated a stoichiometry of 
2Ca 2+ /2H + /lATP (Fig. 8). To resolve the electrogenicity of the different reaction steps of 
the pump cycle, experiments had to be performed with a styryl dye, 2BITC, which showed 
that Ca 2+ and H + binding and release were accompanied by significant charge movements 
in the membrane domain (Butscher et al. 1999; Peinelt and Apell 2002). These findings 
meet the requirements of the position of the ion binding sites of the Ca-ATPase as predict- 
ed by the crystal structure of the protein. Kinetical studies of partial reactions in the pump 
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Fig. 8 ATP-dependent Ca 2+ uptake. H + counter transport, and development of transmembrane electrical po- 
tential at low temperature. (From Yu et al. 1994, with kind permission). SR Ca-ATPase was reconstituted 
in lipid vesicles. ATP-induced pump activity was detected with fluorescence dyes: The time course of the 
membrane potential was detected with oxonol VI, the luminal pH with pyranine, and the luminal Ca 2+ con- 
centration with arsenazo III. The stoichiometric parallelism of Ca 2+ uptake and H + extrusion is obvious and 
the voltage increase at low transmembrane electric potentials (when leakage effects are small) is also in 
agreement with estimations from the amounts of ions transferred 



cycle were already performed by analysis of the enzymatic properties many years ago 
(Andersen and Vilsen 1988; Inesi and de Meis 1989; Inesi et al. 1992). Due to the high 
leak conductance of the SR membrane, time-resolved measurements are scarce. Studies 
with radioisotopes and/or quenched flow provided some insight into rate constants for sin- 
gle reaction steps (Froehlich and Heller 1985; Orlowski and Champeil 1991), and capaci- 
tive coupling of SR membrane vesicles to a planar lipid bilayer provided some information 
on the rate-limiting reaction steps in the Ca 2+ and H + transfer (Hartung et al. 1997). A sys- 
tematic analysis of the kinetical properties beyond early estimations (Inesi and de Meis 
1989) is not available so far. Recently, it was shown that the application of styryl dyes 
may be used similarly successfully to study the time-resolved kinetical behavior of SR Ca- 
ATPase (Peinelt and Apell 2003). So far, all experimental findings are in agreement with 
a Post-Albers cycle equivalent to that of the Na.K-ATPase (Fig. 3), in which 3 Na + ions 
are to be replaced by 2 Ca 2+ and 2 K + ions by 2 H + . 



Gastric H,K-ATPase 

The gastric H,K-ATPase is enriched in the parietal cells of the gastric glands of the stom- 
ach which perform secretion of hydrochloric acid upon hormonal stimulation. The active 
part in this process is H + extrusion from the cytoplasm while, by opening of passive Cl" 
and K + pathways, both ion species are released, and K + is reabsorbed in exchange for the 
H + so that eventually HC1 is concentrated up to pH 1-1.5 in the stomach. 

The reaction cycle of this P-type pump is also well reproduced by the Post-Albers cy- 
cle shown in Fig. 3, in which the Na + -dependent half-cycle has to be replaced by an H + - 
transporting part (with 2 H + ions per ATP hydrolyzed). Like in the case of the Na,K-AT- 
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Fig. 9a, b ATP-induced H + current through gastric H,K-ATPase in membrane vesicles isolated from pig 
stomach. (From van der Hijden et al. 1990). a Buffer contains, besides H + ions (pH 6), no other monovalent 
cations. The arrows indicate the time when light was switched on to release -10 pM ATP from caged ATP. 
The concentration jump triggered the partial reaction H 2 E 1 + ATP — - P-E 2 + 2 H + + ADP. The positive cur- 
rent transient represents an inward-oriented flux of positive charge, b Inhibition of the pump by 200 pM 
vanadate abolished — as expected — any electric current transient upon ATP release from caged ATP 



Pase, the two principal enzyme conformations could be identified (Helmich-de Jong et al. 
1987), and the stoichiometry was found to be 2 H + /2 K + /l ATP (Faller et al. 1982). The 
resulting overall electroneutrality leads to experimental difficulties in the performance of 
detailed studies of the ion transport by the H,K-ATPase. The fact that in each half-cycle of 
the pumping scheme two monovalent cations traverse the membrane has to result in a de- 
tectable electrogenic contribution when H + or K + transport are investigated separately. 
Fig. 9 shows a unambiguous proof that the ATP-induced H + transfer, FFEi + ATP — > ... — * 
P-E 2 + 2 H + i um + ADP, is accompanied by charge movement (van der Flijden et al. 1990). 
In these experiments, ATPase-containing vesicles prepared from pig stomach were capaci- 
tively coupled to a planar bilayer membrane, and enzyme phosphorylation was triggered 
by a flash-induced release of ATP from caged ATP. Corresponding experiments for the 
K + transporting branch of the pump cycle were not possible. Detailed time-resolved kinet- 
ical analyses beyond these data of van der Hijden and collaborators are still scarce (Sten- 
gelin et al. 1993). 

In recent experiments, in which the styryl dye RH421 was applied to detect charge 
movements, the ion-binding sites were titrated with H + and K + ions in both principal con- 
formations. In these experiments it could be shown that all binding and release steps are 
electrogenic, while enzyme phosphorylation by ATP produced no significant charge 
movement within the protein (Diller et al. 2003). 



Energetic properties 

Important for the understanding of the ion transport in ion pumps are, besides structural 
knowledge and kinetical properties, considerations on the energetics of transport. The 
knowledge of the “costs” in terms of free-enthalpy changes of the various reaction steps 
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Fig. 10 Free energy levels of the individual states in the Na,K-ATPase pump cycle (Fig. 3). The energy 
levels were calculated according to Lauger (1991) on the basis of the kinetical parameters of Apell (1997). 
All levels refer to state Ei-ATP as reference state 



around the pump cycle provides at least clues to underlying processes which affect the 
protein structure and which facilitate the observed pump action. 



Free energy levels 

T.L. Hill showed that energy transduction in molecular machines like P-type ATPase is 
not the result of a single reaction step but of the cycle as a whole (Hill 1977, 1989). It is 
an interesting question, however, to what extent single reaction steps contribute to storage 
and consumption of the system’s free energy. To gain access to such information, energy 
levels must be introduced for all the states of the pumping cycle which are long-lived 
states on the time scale of molecular motions and which are in equilibrium with respect to 
movements of the peptide backbone or amino acid side chains. Accordingly, the states can 
be treated as chemical species with a well-defined chemical potential which were intro- 
duced for those defined states of the ion pumps as “basic free energy levels” (Hill 1977). 
As has been shown earlier, the differences of free energy between two consecutive states 
can be determined from the forward and backward rate constants of the transition, or the 
corresponding equilibrium constant (Lauger 1991). 

Analyses of free basic energy levels have been performed for ion pumps on a general 
level (Lauger 1984), for the SR Ca- ATPase on the basis of a less elaborate data base 
(Walz and Caplan 1988), and also for the Na,K- ATPase in great detail (Stein 1990; Apell 
1997). Free basic energy calculations can be performed for all states around the Post-Al- 
bers cycle. Placing state EiATP (cf. Fig. 3) as initial level arbitrarily to zero, the sequence 
of states around the pumping cycle in the physiological mode led to a lower level after a 
cycle is completed (Fig. 10). For the sake of simplicity, the free energy gained by binding 
of ATP (in step E 2 (K 2 ) — > E 2 (K 2 )ATP) is not implemented in this figure. If the energy dif- 
ference between two successive states is near zero, the distribution between both states is 
close to its thermodynamic equilibrium. If the energy difference is negative, the reaction 
runs “downhill,” i.e., it is dissipating energy; a positive energy difference indicates energy 
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storage, either in the protein conformation or in the electrochemical potential difference 
between bulk phase and binding site(s) for the involved ion species. 

Of special functional importance in the diagram shown in Fig. 10 is the free-energy de- 
crease by enzyme phosphorylation and the subsequent conformational change, Na^Ei-ATP 
— > (Na 3 )Ei-P — > P-E 2 (Na 3 ), which effectively drains the states which bind Na + ions from 
the cytoplasm, thus producing dynamically the observed higher apparent affinity for Na + 
than for K + ions in state Ei, despite the values determined by steady-state titration experi- 
ments (Schneeberger and Apell 2001). Other significant “downhill” reaction steps are ex- 
tracellular K + binding, P-E 2 — * P-E 2 K 2 , and ATP binding, E 2 (K 2 ) — > ATP-E 2 (K 2 ). In both 
cases the decrease of free energy is caused by ligand concentrations far above their affini- 
ties (which are ~0. 1 mM for K + and 8 for ATP). A reduction of ligand concentrations 
would diminish the step size. This is true also in the most prominent “uphill” reaction, the 
K + release step in partial reaction FOE 1 -ATP — > E r ATP, in which the ions face a high cy- 
toplasmic concentration of 150 mM from binding sites which have an affinity on the order 
of 0. 1 mM. However, under turnover conditions K + release is not rate limiting because of 
the high rate constants of all ion release and binding steps in the reaction sequence 
K 2 E] -ATP — > ... — > Na 3 E|-ATP so that it may be assumed to be in a dynamic equilibrium. 

The effect of the actual ion concentrations on the energetics is extremely high in the 
case of the SR Ca-ATPase. In a contracted muscle, the ratio of the Ca 2+ concentrations 
across the SR membrane is in the order of 50; in the relaxed muscle it is in the order of 
30,000. When the free energy of transport is calculated under these conditions according 
to: 



AG 



transp 



= A/z Ca = 2RTln 



[Ca+ 

"pff 



Jlum 



Jcyt 



(i) 



one obtains ~20 kJ/mol (contracted state) and ~53 kj/mol (relaxed state), assuming that 
there is no pH gradient across the membrane. These numbers have to be compared to the 
Gibbs Free Energy of ATP hydrolysis, -AGatp, which was found to be ~63 kJ/mol in rat 
muscle (Meyer et al. 1982). The energy efficiency, IAGt rans /AGATpl, derived from these 
numbers increases from 32% to 84% when Ca 2+ is stored back in the sarcoplasmatic retic- 
ulum. In the case of the Na,K-ATPase, the ion-concentration changes in the cytoplasm are 
not significant and the efficiency (at a membrane potential of -70 mV) is always around 
70%. 

However, the free-energy balance of the ATPases is not only affected by the ion con- 
centrations, but also by their electrogenicity. Those partial reactions in the cycle which 
have been found to be electrogenic, i.e., especially ion binding and release steps, have rate 
constants (or equilibrium dissociation constants) which depend on the membrane potential 
and, as a consequence, their basic free energy levels can be modulated by the membrane 
potential (Lauger and Apell 1986; Apell 1997). 



Temperature dependency 

Another way to get information on the energetics of the ion pumps is from the temperature 
dependence of protein function. According to a description by Arrhenius, the activation 
energy for a chemical reaction, 2s a , can be introduced by the empirical relation 
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Table 1 Energetics of selected reaction steps from rabbit kidney Na,K-ATPase. Enthalpy H 1 and En- 
tropy S + were calculated from experimentally determined rate constants applying the theory of abso- 
lute reaction rates (unpublished data) 



Rate limiting step 
of the reaction sequence 


Enthalpy H f 
in kJ/mol 


Entropy S 1 " 
in J/mol K (at 25 °C) 


Na2Ei — > Na3Ei 


~20 


-227 


Na 3 E! -> Na 3 E| ATP 


52 


-226 


Na 3 E r ATP -> (Na 3 )E r P 


64 


-224 


(Na 3 )E,-P -► P-E 2 Na 3 


112 


-219 


P _E 2 K 2 -> E 2 (K 2 ) 


65 


-224 


E 2 (K 2 ) - E 2 (K 2 )-ATP 


70 


-224 


E 2 (K 2 )-ATP -> K 2 E r ATP 


66 


-224 



k = A - exp 




(2) 



and determined from the slope of a so-called Arrhenius plot. Although we do not have a 
one-step reaction, but a cyclic reaction sequence in the ATPases, it is still possible, for ex- 
ample, to plot the hydrolyzing activity of the Na,K-ATPase in an Arrhenius plot (Apell 
1997). However, the interpretation is not straightforward. There are good arguments to 
claim that the apparent activation energy is mainly that of the rate limiting step in the ob- 
served process. Therefore, it is possible that the Arrhenius plot may be bent when process- 
es with different activation energy become rate limiting in the low and high temperature 
range and take over control of the scrutinized partial reaction (Apell 1997). 

Instead of using the empirical concept of Arrhenius from the nineteenth century, which 
results in an activation energy representing approximately the height of the potential ener- 
gy barrier of the rate-limiting reaction step, an alternative concept can be used. The theory 
of absolute reaction rates describes the rate constant of a reaction as a function of thermo- 
dynamically well-defined energies (Moore and Pearson 1981): 



k = 







( 3 ) 



This theory allows a determination of the contributions of entropy and enthalpy 
to a reaction step. With the assumption that the transition state is in equilibrium with the 
ground state, it is possible to draw the same conclusions from the magnitude of S : and H 
on structural changes during a partial reaction as one can get from thermodynamic param- 
eters of overall reactions. 

The reaction steps of the Na,K-ATPase occur in an aqueous environment and, there- 
fore, entropy changes are dominated by binding and release of water molecules or ions. If 
a negative entropy change is observed, it is caused mainly by immobilization of solvent 
molecules or ions in the protein. From so far unpublished experiments in our lab, S 1 ’ and 
were determined for a number of partial reactions (Table 1). These are recent results 
and the project is still under development. However, it is obvious that only in one of the 
reaction steps which are accessible so far, a significantly higher enthalpy, H\ was deter- 
mined: in the conformation transition from Ei to E 2 : (Na 3 )Ei-P — > P-EiNas. This step was 
also found to be the rate-limiting step in the Na + transport branch of the pump cycle. Re- 
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markable also is the finding that the entropy changes in all steps analyzed are approxi- 
mately the same, on the order of -225 J/molK, indicating that there exists no process in 
which more energy is “wasted” than in others. 

The information which we hope to obtain finally from the thermodynamic properties of 
the pump process, namely from basic free energies, changes of entropy and enthalpy, will 
provide constraints for mechanistic models and support the development of microscopic 
descriptions of protein functions as well as of the coupling of enzymatic activity and trans- 
port. 



Probing crucial amino acids 

Before the structure of the SR Ca-ATPase became known, the most important tool to ob- 
tain information on structure-function relations was the investigation of pump proteins 
modified by mutagenesis. Numerous laboratories studied effects on enzymatic or transport 
properties of the ATPases which could be detected after an exchange of amino acids. By 
this technique, parts of the protein could be identified which are crucial for substrate bind- 
ing, transport, or conformational changes. Such studies were performed with the SR Ca- 
ATPase in order to pin down amino acids involved in Ca 2+ binding sites (Clarke et al. 
1989a, Andersen 1995; Vilsen 1995) and these were eventually confirmed by the structure 
of the crystallized protein (Toyoshima et al. 2000). It was found that the two Ca 2+ binding 
sites were formed by the side-chain oxygen atoms of Asn 768, Glu 771, Thr 799, Asp 800, 
and Glu 908 as site I and by Asn 796, Asp 800, Glu 309, and the main chain carbonyl oxy- 
gen atoms of Val 304, Ala 305, lie 307 as site II. To couple ion-transport in/through the 
membrane domain and enzymatic activity in the N, P, and A domains, the cytoplasmic 
loop L67 between helix M6 and M7 also plays an important role. 

In the case of other P-type ATPases, especially the Na,K-ATPase and H,K-ATPase, for 
which extensive functional studies are available, structural similarities to the Ca-ATPase 
may be exploited to identify elements specific for transport function (Sweadner and Don- 
net 2001). However, such comparisons should be used preferentially as a basis for concep- 
tual considerations and to scout purposeful point mutations. 

The era of mutagenesis as an investigative tool began after the sequences of ion pumps 
became available (Shull et al. 1985, 1988) and within a short period of time the number of 
contributions almost exploded. As expression systems for the mutated sequence, several 
assays are applied: cRNA injection into Xenopus oocytes is very useful for electrophysio- 
logical studies (Horisberger et al. 1991; Vasilets et al. 1991), while for biochemical studies 
overexpression of ATPases in yeast (Scheiner-Bobis and Farley 1994; Pedersen et al. 
1996) or insect cell lines (Blanco et al. 1995; Gatto et al. 2001) is convenient. In such cell 
lines the use of a baculovirus infection system was very successful for the examination of 
the H,K-ATPase (Klaassen et al. 1993) and the Na,K-ATPase (Gatto et al. 2001). 

A recent review on established structure-function relationships through site-directed 
mutagenesis (Jprgensen and Pedersen 2001) showed that in the transmembrane segments 
M4, M5, and M6 of the a subunit, at least nine amino acids could be identified which are 
important for binding of Na + , K + , or Tl + . Most of them are homologous counterparts of the 
side chains which form the Ca 2+ binding sites in the SR Ca-ATPase. In the yeast expres- 
sion system with a renal a\f5\y enzyme, the crucial amino acids were: Glu 327, Asn 776, 
Glu 779, Asp 804, Thr 807, and Asp 808. Other amino acids could be shown to affect the 
dissociation constants for Mg 2+ and ATP (Jprgensen and Pedersen 2001). The fifth and 
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sixth transmembrane domains were also recently investigated by cysteine-scanning muta- 
genesis, another powerful tool to identify the role of single amino acids (Guennoun and 
Horisberger 2000, 2002). 

Mutagenesis studies were also performed with the H,K-ATPase to determine amino ac- 
ids in the transmembrane segments that are involved or affect ion binding and transport 
(Hermsen et al. 2000, 2001; Asano et al. 2001; Rulli et al. 2001). In transmembrane do- 
mains M4, M5, and M6, four conserved, negatively charged amino-acid side chains were 
found which are important for ion binding and thus for the pumping process: Glu 343, Glu 
795, Glu 820, and Asp 824 (Sequence according to Shull and Lingrel 1986). It could be 
demonstrated that a replacement of Glu 795 and Glu 820 by uncharged amino acid side 
chains resulted in a phenotype with a constitutive ATPase activity in the absence of K + 
ions. It was suggested that the absence of the two negatively-charged side chains mimics 
an occupation of the ion binding sides by K + ions, the state which would be the trigger for 
enzyme dephosphorylation in the wild-type enzyme (Hermsen et al. 2001). In M6, an ad- 
ditional amino acid was identified that also affects K + -dependent dephosphorylation, Leu 
817 (Asano et al. 2001). 

A demonstration of the close relationship of Na,K-ATPase and gastric H,K-ATPase is 
made visible in chimera of both ion pumps. In a recent paper it was shown that substitu- 
tion of three residues in the M4 segment of the Na,K-ATPase sequence with their H,K- 
ATPase counterparts (Leu319Phe, Asn326Tyr, Thr340Ser) and replacing the M3-M4 loop 
sequence with that of the H,K-ATPase a-subunit results in a protein that exhibits 50% of 
its maximal ATPase activity in the absence of Na + ions when the assay is performed at 
pH 6.0 (Mense et al. 2002). Twenty-one of the 29 amino acids that are thought to form 
M4 are already identical in both ATPases. 

A different approach to test amino acids and their close environment is the application 
of specific oxidative cleavage mediated by Fenton chemistry with complexed transition 
metal ions, such as Fe 2+ complexed by ATP or Cu 2+ by 4, 7-diphenyl- 1,10-phenantroline 
(Goldshleger et al. 2001; Tal et al. 2001). With this method a region of interaction be- 
tween the a and [5 subunits of the Na,K-ATPase could be identified, and short sequences 
of four amino acids in transmembrane helices Ml and M3 that are in proximity to each 
other near the cytoplasmic surface. Applying this technique to the H,K-ATPase led to re- 
sults essentially identical to that for Na,K-ATPase (Shin et al. 2001). 



Comparisons of transport mechanism 

of SR Ca-ATPase, Na,K-ATPase and H,K-ATPase 

Stimulated by the 3D structure of the SR Ca-ATPase, the close relation between P-type 
ATPases is discussed to a great extent, especially for the three most prominent pumps, SR 
Ca-ATPase, Na,K-ATPase, and H,K-ATPase. The most recent overview of this field will 
be published in 2003 as a special volume of the Annals of the New York Academy of Sci- 
ences, containing the Proceedings of the 10th International Conference on Na,K-ATPase 
and Related Cation Pumps, vol. 986 (2003). 

Summarizing the above-discussed findings in this presentation, it can be proposed that 
the high homology in amino-acid sequence and, most probably, a high similarity of the 
quaternary structure of the three ATPases, is complemented by a single concept of the 
transport mechanism which allows a description of all transport phenomena observed so 
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Fig. 11 Schematic representation 
of the ion transport pathway and 
ion binding sites in P-type AT- 
Pases. Access to the binding sites 
from the aqueous phases is con- 
trolled by gates that alternate in 
opening the pathway. The pump 
is in an occluded state when both 
gates lock the access channels. 

An open state of both gates 
would produce an ion-channel 
like behavior and is prohibited 
under physiological conditions 
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far. This concept is based on an alternate-access channel model discussed first by P. Lau- 
ger (Lauger 1979). The main features of the adapted mechanism are illustrated in Fig. 1 1, 
and they include (a) narrow access channels from both sides, (b) one gate per access chan- 
nel, and (c) an ion binding moiety that is adapted specifically and differently in both prin- 
cipal conformations to the ions that are transported. 

The transmembrane part of the pump, which is formed by ten helices of the a subunit 
and by the p subunit, is represented in Fig. 1 1 as a shaded box with a cavity inside the 
membrane. The cavity is connected to the bulk phase on both sides by narrow access chan- 
nels. Each half channel possesses a gate that is controlled by the protein conformation (in- 
cluding changes induced by ATP binding and protein phosphorylation/dephosphorylation). 
A consequence of this arrangement is that ion binding and release is electrogenic on both 
sides. Such an electrogenicity was found for all three ion pumps, although in the case of 
the Na,K-ATPase the electrogenicity of cytoplasmic K + binding is hidden by transient FI + 
binding (see the section entitled “Detailed ion transport mechanism”). With this finding 
the previously formulated constraint that the binding sites have to be twofold negatively 
charged is no longer strictly necessary. Nevertheless, negative (partial) charges in the 
binding sites are required to coordinate the dehydrated cations and to reduce the electric 
field of the cations in the largely nonpolar interior of the transmembrane part of the pump 
proteins. 

The gates that block ion exchange between sites and aqueous phase are not necessarily 
mechanical barriers like floodgates. A look at the 3D structure of the crystallized CaaEi 
conformation of the Ca-ATPase reveals that there is indeed no steric obstacle in the path- 
way of the ions. Therefore, the gates which block the access channels have to be thought 
of as energy barriers produced by an arrangement of amino-acid side chains that do not 
allow dehydrated ions to be coordinated and thus make ion propagation energetically ex- 
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tremely unfavorable. In the Ei states, the right-hand gate in the illustration in Fig. 1 1 is 
closed and access for ions is possible only from the cytoplasmic side. Correspondingly, in 
the states of E 2 the left gate is closed and ions can enter the binding sites only from the 
luminal (or extracellular) phase. The occluded states are transient states when the pumps 
run through their transport cycle and switch back and forth between both principal confor- 
mations. Occluded states are characterized by locking the binding moiety from both access 
channels. They are required to prevent ion-channel-like conformations that would short- 
circuit both aqueous phases. (Assuming that a pump transports typically 100 ions per sec- 
ond and an ion channel 10 7 ions per second, then a channel opening of about 10 ps would 
destroy the work of 1 s of pumping). However, under “unphysiological conditions” a chan- 
nel-like behavior of the Na,K-ATPase could be produced by addition of Palytoxin, a po- 
tent marine toxin isolated from Palythoa toxica. In the presence of this compound, electric 
current fluctuations through the Na,K-ATPase were observed like those of a “classic” ion 
channel, with fluxes on the order of 10 6 ions per second (Artigas and Gadsby 2003). Be- 
cause the channel behavior disappears when ATP is washed out, the channel-like behavior 
is not a consequence of an irreversible protein denaturation, but rather an induced and si- 
multaneous opening of both gates. 

The third feature of the mechanistic model is the binding moiety deep inside the mem- 
brane domain. In the case of the Ca-ATPase it was found to be inside about 30%^10% of 
the membrane thickness from the cytoplasmic surface (Toyoshima and Nomura 2002). In 
this moiety, ion-binding sites are formed in a way that they show differently high binding 
affinities for the transported ions in both principal conformations. In the case of the SR 
Ca-ATPase it can be seen that the low Ca 2+ affinity Ei(TG) state is produced by a severe 
disruption of the ion-coordination (cf. the section entitled “Structural properties”). A cor- 
responding change may be proposed to occur by the conformation transition of the Na,K- 
ATPase, since an increase of the half-saturating Na + concentration was observed from 
~7 mM (in Ei) to -400 mM (in P-E 2 ; Heyse et al. 1994). After dissociation of the Na + 
ions, the moiety forming the binding-sites is thought to relax into a new equilibrium that is 
able to coordinate 2 K + ions with high affinity (Ky 2 « 0.1 mM) (Biihler and Apell 1995). 

When H + ions are bound to these pumps instead of hydronium ions (H 30 + ), the forma- 
tion of a complex binding site with an up to sixfold coordination is not necessary; H + may 
bind to a single carboxylate anion of an amino-acid side chain. Therefore, “real” binding 
sites have be formed not necessarily for the P-E 2 — > Ei branch of the SR Ca-ATPase and 
for the H| — > P-E 2 branch of the H,K-ATPase. In Fig. 11 the different affinity for ions in 
the binding sites is indicated by the shape of the center cavity in the illustration. 



Coupling of energetics and transport 

An understanding of the transport mechanism of ion-translocating proteins, such as bacte- 
riorhodopsin, the cytochrome-c oxidase, and the F 0 Fi-ATPase was gained after functional 
observations and kinetic analyses could be correlated with structural information at atomic 
resolution. For example, studies on bacteriorhodopsin revealed how structural transitions 
of the chromophore, following absorption of a photon (energy uptake), induce a movement 
of the Schiff’s base, which is used, in a precisely tailored surrounding, to transfer a proton 
across the central energy barrier in the transport pathway (Haupts et al. 1999; Lanyi and 
Luecke 2001). Recently, convincing proof was given that a mechanical movement of pro- 
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tein subunits, which form a rotor interacting with other parts of the FoFpATPase, are able 
to synthesize ATP by a “downhill” movement of protons through the Fo unit or to pump 
protons “uphill” at the expense of ATP hydrolysis (Senior et al. 2002; Gaballo et al. 
2002). In these cases, concepts of well-known macroscopic machines, like a mechanic 
pump or a water-driven mill, can be used, when scaled down, to describe for these highly 
specific machines dimensions of a few nanometers. 

In the case of the P-type ATPases, such a comprehensive understanding is still lacking. 
Although structural details are now becoming available, as well as growing insight into 
functional properties on the basis of biophysical and biochemical studies as presented 
above, nevertheless, a convincing mechanistic concept of the energy transduction has not 
been formulated so far. However, ion pumps need not necessarily work as a scaled-down 
version of known macroscopic machines. 

So far, a purely speculative concept can be based on the fact that both known confor- 
mations of the enzymatic part of the pump proteins, formed by the N, P, and A domains, 
switch between two shapes (Fig. 1), one similar to an open boxing-glove (Ei) and the other 
to a closed one (E 2 ) that surrounds (under physiological conditions) the Mg-Pj complex. In 
this “glove” the P domain represents the palm, the A domain the thumb, and the N domain 
the four fingers. And like the opening and closing of a fist requires movements of muscles 
and tendons in the forearm, the helices in the transmembrane part of the pump protein will 
move correspondingly with changes in the cytoplasmic domains. Driving forces for the 
propagation around the pumping cycle could be a series of substrate-protein interactions 
in which a binding/dissociation step produces transition states with an enhanced energy 
(by deformed electron orbitals) that relax by a conformational rearrangement into the next 
quasi-equilibrium state, ready for another substrate interaction. Such a mechanism is pos- 
tulated, for example, in case of the Na,K-ATPase, where binding of the third Na + ion in E[ 
acts as a trigger mechanism for enzyme phosphorylation (Schneeberger and Apell 1999). 

However, the explicit energetics of P-type reveal, insofar as they have been determined 
up to now, that none of the known reaction steps constitute a “power stroke” which trans- 
fers the Gibbs free energy into the vectorial ion-moving process, analogous to that a me- 
chanical pump. To reveal the “mechanical” representation (if there is any) of the process 
that shifts the pumps away from their thermodynamic equilibrium to keep them going is 
one of the challenges to be dealt with in the field of P-type ATPases in the years to come. 
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Abstract Over the last 15 years, a number of transporters that translocate organic cations 
were characterized functionally and also identified on the molecular level. Organic cations 
include endogenous compounds such as monoamine neurotransmitters, choline, and coen- 
zymes, but also numerous drugs and xenobiotics. Some of the cloned organic cation trans- 
porters accept one main substrate or structurally similar compounds (oligospecific trans- 
porters), while others translocate a variety of structurally diverse organic cations (polyspe- 
cific transporters). This review provides a survey of cloned organic cation transporters and 
tentative models that illustrate how different types of organic cation transporters, ex- 
pressed at specific subcellular sites in hepatocytes and renal proximal tubular cells, are as- 
sembled into an integrated functional framework. We briefly describe oligospecific Na + - 
and CT-dependent monoamine neurotransmitter transporters (SLC6-family), high-affinity 
choline transporters (5XC5-family), and high-affinity thiamine transporters (SLC1 9-fami- 
ly), as well as polyspecific transporters that translocate some organic cations next to their 
preferred, noncationic substrates. The polyspecific cation transporters of the SLC22 family 
including the subtypes OCT 1-3 and OCTN1-2 are presented in detail, covering the current 
knowledge about distribution, substrate specificity, and recent data on their electrical prop- 
erties and regulation. Moreover, we discuss artificial and spontaneous mutations of trans- 
porters of the SLC22 family that provide novel insight as to the function of specific protein 
domains. Finally, we discuss the clinical potential of the increasing knowledge about poly- 
morphisms and mutations in polyspecific organic cation transporters. 



Introduction 

“Organic cations’" are organic molecules with a transiently or permanently positive net 
charge. This class includes many endogenous compounds of high physiological impor- 
tance such as monoamine neurotransmitters, choline, and coenzymes, but also numerous 
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drugs and xenobiotics. Because most organic cations are not membrane permeant, their in- 
testinal absorption, tissue distribution, and biliary, renal, and intestinal excretion largely 
depends on membrane transporters. Moreover, several cation channels are permeable for 
small organic cations, but their contribution to these processes is not understood (Akaike 
et al. 1984; McCleskey and Aimers 1985). Considering that endogenous organic cations 
can play various roles in different tissues, it is plausible that the evolution of multiple or- 
ganic cation transporters served to allow for differential control in individual organs. 

Transport of organic cations has been studied for more than forty years employing vari- 
ous approaches, including transport measurements in intact animals, isolated organs, tissue 
slices, perfused renal tubules, and isolated plasma membrane vesicles (for reviews, see 
Eisenhofer 2001; Elferink et al. 1995; Graefe and Bonisch 1988; Roch-Ramel et al. 1992; 
Tumheim and Lauterbach 1977; Ullrich 1994). The development of molecular biology 
techniques such as expression cloning allowed the identification and characterization of 
numerous organic cation transporters over the last fifteen years. The cloned transporters 
may be grouped into oligospecific and polyspecific transporters. For oligospecific trans- 
porters, there is a single main substrate, although compounds with closely related struc- 
tures or smaller size may be also accepted. In contrast, polyspecific transporters translo- 
cate a number of organic cations of different molecular structures (Dresser et al. 2001; 
Koepsell 1998, 1999; Zhang et al. 1998a). Oligospecific cation transporters include the 
Na + -cotransporters for neurotransmitters (Blakely et al. 1994; Giros et al. 1991, 1992; 
Kanner 1994; Kilty et al. 1991; Pacholczyk et al. 1991; Shimada et al. 1991), vesicular 
and plasma membrane cotransporters for choline (Apparsundaram et al. 2000, 2001; Oku- 
da et al. 2000), and high-affinity transporters for thiamine (Rindi and Laforenza 2000). 
Polyspecific transporters that translocate organic cations may be further subdivided into 
transporters that preferentially translocate organic cations (“polyspecific organic cation 
transporters”) and transporters that preferentially transport compounds other than organic 
cations but may translocate some organic cations, for example transporters of the SLC21 
family that mainly translocate anions (van Montfoort et al. 1999). 

This review provides a survey of all transporters that translocate organic cations. 
Among these, the Na + - and CT-dependent monoamine neurotransmitter transporters, the 
choline transporters, and the high-affinity thiamine transporter are described briefly, 
whereas a more detailed discussion is dedicated to polyspecific transporters that predomi- 
nantly translocate organic cations. The latter ones belong to a large transporter family 
named organic cation transporter (OCT)-family, or solute carrier family 22 (SLC22), 
which in turn is a member of the major facilitator superfamily (MFS; Burckhardt and 
Wolff 2000; Griindemann et al. 1998a; Koepsell 1998, 1999; Marger and Saier 1993; Pao 
et al. 1998; Schomig et al. 1998). We will point out the distributions, functional properties, 
and substrate- or inhibitor specificities, with particular emphasis on recent findings con- 
cerning the transport mechanism of the electrogenic cation transporters from this family 
because these have been characterized in some detail. We attempt to synthesize the current 
knowledge into a comprehensive synopsis of the physiological roles of organic cation 
transporters in liver and kidney. We also discuss the regulation of these transporters, and 
the structure-function studies using in vitro-mutagenesis. Finally, we report on the excit- 
ing recent findings concerning polymorphisms, mutations, and genetic diseases associated 
with the human organic cation transporters which underscore the biomedical importance 
of these transporters. 
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Oligospecific transporters that translocate organic cations 

Monoamine neurotransmitter transporters 

Specific Na + -driven cotransport systems in nerve terminals serve to retrieve monoamine 
neurotransmitters from the synaptic clefts and thus terminate neurotransmission. Specific 
Na + -driven cotransporters exist for the monoamine neurotransmitters norepinephrine 
(NET), dopamine (DAT) and serotonin (SERT; Table 1; Bruss et al. 1993; Gelernter et al. 
1993; Giros et al. 1992; Lesch et al. 1993; Ramamoorthy et al. 1993). These transporters 
are localized specifically at sympathetic, dopaminergic and serotoninergic synapses, re- 
spectively, and exhibit distinct substrate and inhibitor specificities (for reviews see Bor- 
owsky and Hoffman 1995; Eisenhofer 2001; Hoffman et al. 1998; Masson et al. 1999). 
The Na + /monoamine neurotransmitter cotransporters belong to the SLC6-family of Na + - 
and Cl'-dependent transporters; this family also comprises several amino acid transporters. 
By terminating the activation of the respective receptors in the postsynaptic membranes, 
Na + /monoamine neurotransmitter cotransporters modulate neural transmission and are an 
integral component of intracellular metabolizing and recycling systems. 

The expression of these transporters is not restricted to the brain. For example, the nor- 
epinephrine transporter NET is expressed in noradrenergic neurones, in chromaffine cells 
of the adrenal medulla, in the syncytiotrophoblast of the placenta, and in the capillary en- 
dothelial cells of the lung (Kippenberger et al. 1999; Phillips et al. 2001). In peripheral 
neurones and adrenal medulla, NET is responsible for the reuptake of norepinephrine and 
epinephrine and in the placenta, the NET helps to clear catecholamines from the fetal cir- 
culation (Bzoskie et al. 1995, 1997; Eisenhofer 2001; Nguyen et al. 1999). In the lung, 
NET is involved in the clearance of catecholamines which are metabolized by catechol-O- 
methyl-transferase (COMT) and monoamine oxidase (MAO; Bryan-Lluka et al. 1992; Ca- 
travas and Gillis 1980; Nicholas et al. 1974) 

The gastrointestinal tract houses cells that secrete large amounts of dopamine. The do- 
pamine transporter DAT is a downstream element of this signalling system (Eisenhofer et 
al. 1997; Goldstein et al. 1995). DAT is expressed in gastric parietal cells, in the endothe- 
lium of gastric mucosal blood vessels, in pancreatic duct cells, and in the endothelium of 
pancreatic venous blood vessels (Mezey et al. 1996, 1998). Receptor binding studies and 
results obtained with transgenic mice suggest that DAT is involved in the regulation of 
pancreatic bicarbonate secretion and gut motility (Mezey et al. 1999; Walker et al. 2000). 

The serotonin transporter SERT is expressed not only in serotoninergic neurones in the 
central nervous system (CNS), but also in neurones of the enteric nervous system (ENS), 
and in intestinal mucosal cells (Chen et al. 1998; Hoffman et al. 1998; Walker et al. 1988). 
In the gut, SERT mediates the reuptake of serotonin that has been produced and released 
by enterochromaffine (EC) cells. These cells respond to luminal stimuli by releasing sero- 
tonin, which in turn activates adjacent primary afferent nerve fibers (Vialli 1966). Uptake 
of interstitial serotonin via SERT into neurones and intestinal mucosal cells terminates the 
activation of these serotoninergic neurones and prevents spill-over of serotonin into portal 
vein and liver. Defects in the monoamine neurotransmitter may lead to profound behav- 
ioral and neurochemical changes (Bengel et al. 1998; Gainetdinov et al. 1999). 



Table 1 Oligospecific transporters from human that translocate organic cations 
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Choline and acetylcholine transporters 

All cells depend on the membrane-impermeant organic cation choline (and hence on cho- 
line transporters) for the synthesis of certain membrane constituents. Moreover, choline is 
of particular importance for cells that synthesize and secrete the transmitter acetylcholine. 
Cholinergic neurones are found in the cerebral cortex, brainstem, spinal chord, and auton- 
omous ganglia. They participate in the control of attention, sleep/wake cycle, voluntary 
movements, and multiple autonomous functions via their projections to other central neu- 
rones, autonomous neurones, or muscle fibers, and via local secretion in a paracrine or en- 
docrine mode. Altered neuronal choline transport has been implicated in Alzheimer’s dis- 
ease (Francis et al. 1999; Isacson et al. 2002), Parkinson’s disease (Calabresi et al. 2000), 
Down’s syndrome (Isacson et al. 2002), schizophrenia (Hyde and Crook 2001), brain isch- 
emic events, and aging (Lockman and Allen 2002). 

Analogously to monoaminergic neurones, the cholinergic neurones carry Na + -driven 
symporters in the plasma membrane, and H + -driven exchangers in the secretory vesicles. 
The plasma membrane uptake systems are specific for choline rather than acetylcholine 
because the active transmitter, acetylcholine, is synthesized only in the cytoplasm, and it 
is thus the precursor compound choline that needs to be imported from the extracellular 
compartment. The accumulation of acetylcholine in the secretory vesicles of cholinergic 
neurones, on the other hand, is brought about by an H + -driven exchanger that is specific 
for acetylcholine; in contrast to the poly specific vesicular uptake systems for monoamine 
transmitters (VMAT1 and VMAT2), this H + /acetylcholine exchanger (VAChT) appears to 
be genuinely monospecific. 

A plasma membrane choline transporter was cloned recently and termed ChTl (Appar- 
sundaram et al. 2000). Orthologs of ChTl are known from several mammalian species in- 
cluding man, rat, and mouse (Apparsundaram et al. 2001; Haberberger et al. 2002; Ko- 
bayashi et al. 2002). This transporter contains 13 potential membrane- spanning, hydropho- 
bic a-helices and belongs to the solute carrier family SLC5, together with other prominent 
members such as the Na + -D-glucose cotransporter SGLT1 (Hediger et al. 1987) or the 
Na + -iodide cotransporter NIS (Dai et al. 1996). ChTl is a Cl"- and Na + -dependent cotrans- 
porter that utilizes the electrochemical potential of Na + to fuel the uptake of choline. Upon 
heterologous expression, ChTl from man, rat, and pig mediates uptake of choline with 
high affinity (apparent K m ~l-3 pM). ChTl is expressed mainly in cholinergic neurones, 
but also in keratinocytes (Haberberger et al. 2002; Kobayashi et al. 2002; Lips et al. 2002; 
Okuda et al. 2000; Okuda and Haga 2000). Within the cholinergic neurones, ChTl is lo- 
calized at the presynaptic membrane where it mediates the reuptake of choline from the 
synaptic cleft stemming from enzymatic hydrolysis of acetylcholine. 

Because choline uptake is the rate-limiting step for the synthesis of acetylcholine and 
subjected to short-term regulation by neuronal activity (Haga 1971; Haga and Noda 1973; 
Kuhar and Murrin 1978; Simon and Kuhar 1975; Yamamura and Snyder 1972), ChTl is 
an important modulator of cholinergic transmission. Recently, a polymorphism in the hu- 
man ChTl transporter was identified that causes an amino acid exchange in the third trans- 
membrane domain with an associated 40-50% decrease of the maximal velocity; this loss- 
of-function mutation may predispose individuals for cholinergic dysfunction (Okuda et al. 
2002 ). 

Inside the neurones, acetylcholine is resynthesized and subsequently packed away into 
synaptic vesicles by a vesicular acetylcholine transporter (Eiden 1998; Parsons et al. 
1993). A human vesicular acetylcholine transporter, termed hVAChT, was cloned (Erick- 
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son et al. 1994) and characterized (Bravo and Parsons 2002; Varoqui and Erickson 1996). 
This transporter, assigned the gene name SLC18A3, transports acetylcholine with a K m of 
~900 pM. Transport of acetylcholine by hVAChT is dependent on the H + gradient estab- 
lished by V-type ATPase and sensitive to nanomolar concentrations of the structural anal- 
ogon L-vesamicol. 

The distribution of VAChT mRNA largely overlaps that of choline acetyltransferase 
(ChAT), the enzyme required for acetylcholine biosynthesis, in peripheral and central cho- 
linergic neurones, e.g., in forebrain, basal ganglia, brainstem, spinal chord, and autonomic 
ganglia of the intestinal and genitourinary tract. However, the additional expression of 
VAChT in nonneuronal sites such as T and B lymphocytes and vascular endothelial cells 
is increasingly appreciated (Kirkpatrick et al. 2001). Interestingly, the VAChT gene local- 
izes to chromosome 10qll.2, which is also the location of the ChAT gene. The entire se- 
quence of the human VAChT cDNA is contained uninterrupted within the first intron of 
the ChAT gene locus, implying a unique mechanism for regulation of two functionally co- 
ordinated proteins. 

Altered expression of VAChT has been reported in various disorders including Alzhei- 
mer’s disease (Ikeda et al. 2000; Kuhl et al. 1999), Huntington’s disease (Kuhl et al. 

1999) , amyotrophic lateral sclerosis (Nagao et al. 1998), progressive supranuclear palsy 
(Suzuki et al. 2002), and type-II diabetes (Spangeus and El-Salhy 2001), although the sig- 
nificance of this association is unclear. 

A further family of choline transporter is constituted by the so-called choline trans- 
porter-like proteins (CTL). To date, little is known about the four human members of this 
family, but the findings in other species strongly suggest an important role in human phys- 
iology. Choline transporter-like proteins were originally identified by complementation 
cloning in yeast: growth of a choline transport-deficient yeast strain could be restored by 
heterologous expression of a particular cDNA clone from the electric lobes of the ray Tor- 
pedo marmorata , and that transformant exhibited saturable, hemicholinium-3 inhibitable, 
and Na + -independent uptake of 3 H-choline (K m ~1 /ilYI, IC 50 ~0.5 /rM; O’Regan et al. 

2000) . Homology searches revealed orthologs in Drosophila, C. elegans, Dictyostelium, 
and A. thaliana. No orthologs were found in prokaryotes, whereas orthologs with particu- 
larly high amino acid identities of -70% were found in rat and human. In situ hybridiza- 
tion in mouse tissues revealed wide expression of mCTLl inside and outside the nervous 
system. On the one hand, mCTLl is expressed in cholinergic neurones such as the motor 
neurones of the spinal chord and the facial nucleus, which is compatible with a role analo- 
gous to the plasma membrane choline transporters hChTl. Strong expression was also 
found in oligodendroglia throughout the central nervous system (CNS). Outside the CNS, 
high levels of hCTLl mRNA were detected in colonic epithelial cells, and in lung. 

Knowledge about human CTLs is limited to nucleotide sequences, obtained either from 
expressed sequence tags (EST) in the case of homologs hCTLl (Unigene accession no. 
Hs. 179902), hCTL2 (Unigene accession no. Hs. 167515), and hCTL3 (GenBank accession 
no. AA329432), or from conceptual translations of genomic DNA in the MHCIII region in 
the case of hCTL4 (AAD21813). The amino acid identity is -20% between hCTLl and 
hOCTl, and -16% between hCTL2 and hOCTl. The CTL transporters from all species 
including human share the structural feature of a large, probably glycosylated exofacial 
loop between transmembrane domains 1 and 2 with the members of the OCT family. 

Interestingly, the hCTLl gene is localized very closely upstream in a locus at 9q31.2 
that is responsible for familial dysautonomia, a disorder that presents autonomic and motor 
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symptoms attributable to defects in central and peripheral cholinergic transmission. It is 
tempting to speculate, extrapolating the functional properties and tissue distribution of 
mouse CTL1 to the human, that this genetic disorder might be caused by disturbance of 
the 5' region of the hCTLl gene. 



Thiamine transporters 

The organic cation thiamine (vitamin Bi) is required in animal cells as a precursor of thia- 
mine pyrophosphate, a coenzyme of several enzymes of the intermediary metabolism 
(Rindi and Laforenza 2000). Knowledge about thiamine transport is derived mainly from 
functional studies in native tissues and cells (Rindi and Laforenza 2000); only recently, 
thiamine transporters could be cloned and studied in isolation (Diaz et al. 1999; Eudy et 
al. 2000; Fleming et al. 1999, 2001). 

Free thiamine is a hydrophilic quaternary ammonium compound that is present at mi- 
cromolar concentrations in the intestinal lumen. It is taken up across the luminal mem- 
brane of enterocytes by a high-affinity, electroneutral H + /thiamine exchanger; a similar 
transporter is found in brush border membranes of the renal proximal tubule where it me- 
diates the reuptake of filtered thiamine, and in red blood cells. This transporter is inhibited 
by various thiamine analogs, but does not interact with classical substrates of organic cat- 
ion transporters such as choline or tetraethylammonium (TEA). In the cytoplasm, thiamine 
exists mainly in various phosphorylated forms. Basolateral exit of thiamine appears to be 
Na + - and ATP-dependent, but is understood only poorly. Carrier-mediated transport of thi- 
amine phosphate was reported from the blood-brain barrier. 

The first cloned thiamine transporter was identified in 1999 in an effort to identify the 
gene responsible for the rare genetic disorder of “thiamine-responsive megaloblastic ane- 
mia” (TRMA; Dutta et al. 1999; Fleming et al. 1999). The transporter, likely to represent 
the luminal thiamine uptake mechanism, was termed ThTrl, whereas its gene (SLC19A2) 
was grouped into one family together with the “reduced folate transporter” RFC-1 (gene 
name SLC19A1) based on sequence similarity. RFC-1 has no functional overlap with 
ThTrl inasmuch as it transports exclusively anionic substrates via anion exchange, but a 
close physiological relation beyond the sequence similarity is nonetheless given both by 
the fact that the main substrate folic acid is another vitamin of the B group, and by the 
recent finding that RFC-1 also transports thiamine monophosphate (TMP). The structural 
similarity between these transporters supports the notion that the evolution of these trans- 
porters occurred only partially along the dividing line between anionic and cationic sub- 
strates, and underscores the importance of other structural or biological factors in that pro- 
cess; such a view is also justifiable and potentially fruitful with respect to the structure- 
function relationships observed in transporters for organic anions (OATs), and OCTs (see 
the section entitled “SLC22 family”). 

ThTrl contains 497 amino acids and 12 potential membrane-spanning a-helices. North- 
ern blot analyses showed that human ThTrl is expressed in skeletal muscle, placenta, 
heart, liver, and kidney. The functional characterization in HeLa cells showed that the hu- 
man ThTrl transporter transports thiamine with a high affinity (K m -2.6 pM), is stimulated 
by an outwardly directed H + -gradient, and operates independently of Na + . Choline, (TEA), 
l-methyl-4-phenylpyridinium (MPP), and cimetidine do not interact with ThTrl (Dutta et 
al. 1999). As mentioned above, mutations in the ThTrl gene on chromosome 1 are respon- 
sible for the genetic disease TRMA, but it has remained unclear in what way the mutations 
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affect the functional properties of the transporter, how altered function of the transporter 
can produce symptoms as divergent as megaloblastic anemia, diabetes, and deafness, and 
why this syndrome presents so profoundly differently from the sequels of dietary thiamine 
deficiency (Fleming et al. 2001). In principle, the specific damage caused by the trans- 
porter defect might be set mainly during embryonic development, compatible with the 
known relation between vitamin B-deficiency and birth defects, or the transporter defect 
might be restricted to particular cells or tissues. Alternatively or in addition, thiamine 
transport might be the result of a collaborative effort of several transporters, in which case 
one should postulate the existence of further thiamine transporters. 

Indeed, a further thiamine transporter was identified recently when it became clear that 
a third member of the SLC19 family (Eudy et al. 2000) functions with high specificity and 
affinity as a transporter for thiamine rather than for folate (Rajgopal et al. 2001). This 
transporter, termed ThTr2, is highly expressed in placenta, liver, and kidney and maps to 
the human chromosome 2q37 (Oishi et al. 2001). It has a high amino acid identity to RFC- 
1 (41%), but an even higher one to ThTrl (58%). In accordance with the closer relation to 
the thiamine transporter ThTrl, the ThTr2 protein mediated uptake of 3 H-thiamine in 
transfected HeLa cells, but did not transport folic acid or methotrexate. Similarly, ^-thia- 
mine uptake by ThTr2 was strongly inhibited by unlabeled thiamine, whereas several or- 
ganic cations were ineffective. The activity of ThTr2 increased with pH, compatible with 
a H + /thiamine exchange mechanism as demonstrated for ThTrl. 

In the DBA/2J mouse, the ThTr2 gene maps closely to a seizure susceptibility locus, 
making ThTr2 a candidate for that disorder in that strain. No similar association is known 
for humans, but elucidation of the mouse pathology might shed light on the currently un- 
known physiological roles of ThTr2 in humans (Fleming et al. 2001). 



The SLC22 family 

Common structural properties of the family members 

In 1994, we identified the polyspecific organic cation transporter rOCTl (official gene 
symbol assigned by the Human Genome Nomenclature Committee SLC22A1) from rat 
kidney by expression cloning (Griindemann et al. 1994). Subsequent expression cloning of 
the rat organic anion transporter OAT1 (SLC22A6) from rat and flounder (Sekine et al. 
1997; Sweet et al. 1997; Wolff et al. 1997) and homology cloning of further family mem- 
bers revealed that rOCTl was the first prototypical member of a large transporter family 
within the major facilitator superfamily (MFS; Marger and Saier 1993; Pao et al. 1998; 
Sekine et al. 2000). The MFS superfamily comprises uniporters, symporters, and an- 
tiporters from bacteria, lower eukaryotes, plants, and mammals including drug resistance 
proteins, sugar facilitators, facilitators of Krebs cycle intermediates, organophosphate- 
phosphate antiporters, and oligosaccharide-H + symporters in 18 families. Most MFS trans- 
porters, including the members of the SLC22-family, share a predicted membrane topolo- 
gy with 12 predicted a-helical transmembrane domains and several common motifs 
(Fig. 1). In our previous reviews, we named the new transporter family OCT because 
OCT1 was the first identified member (Koepsell 1998; Koepsell et al. 1999). This nomen- 
clature was not generally accepted, probably because it does not express the fact that this 
family comprises not only organic cation transporters (OCTs, OCTNs), but also OATs and 
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Fig. 1 The human electrogenic organic cation transporter hOCTl: amino acid sequence and current model 
of membrane topology. Amino acids (a. a.) that are conserved in particular subfamilies of the SLC22 trans- 
porter family are color-coded as follows: black, a.a. conserved in all members of the SLC22 family; red, 
a. a. conserved only in the mammalian organic cation transporters OCT1/OCT2/OCT3 and OCTN1/OCTN2; 
orange, a.a. conserved only in the electrogenic mammalian cation transporters OCT1/OCT2/OCT3; blue, 
consensus sequences for N-glycosylation or phosphorylation that are conserved in all functional members 
of the SLC22 family, or in all functional SLC22 family members except hCT2; points, consensus sequences 
for protein kinase C dependent phosphorylation sites in hOCTl; asterisks, N-glycosylation sites in hOCTl 



transporters for the zwitterion carnitine (OCTN2, CT2) or for neutral compounds (OCTs, 
OATs). Schomig and collaborators advocated the name “amphiphilic solute facilitator” 
(ASF)-family (Griindemann et al. 1998a; Schomig et al. 1998), whereas other investigators 
used the term “organic ion transporter family” (Sekine et al. 2000) or grouped the various 
organic anion and cation transporters into separate families altogether (Enomoto et al. 
2002a). However, the names “ASF” or “organic ion transporter family” merely replace the 
inconsistencies of the present terminology with new problems inasmuch many substrates 
either are not amphiphilic (such as tetramethylammonium), or not ionized at all (cimeti- 
dine at pH 8.5; Barendt and Wright 2002). A term that integrates OCTs, OATs, and 
OCTNs into one group and is not in logical conflict with the known properties of these 
transporters thus remains a desideratum in the field, given the generally acknowledged 
close relation between these transporters. Dropping the ambitious and possibly illusory 
claim to define a common property of all transported substrates in this family, we propose 
to designate all human OCTs, OATs and OCTNs as well as their respective orthologs from 
other species by the neutral term “SLC22,” i.e., the official gene symbol assigned to these 
transporters by the “Human Genome Nomenclature Committee (HGNC)” (http://www.ge- 
ne.ucl.ac.uk/nomenclature/) on the basis of sequence homology. 
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Fig. 2 Phylogenetic tree of the 
human transporters that belong to 
the SLC22 family. Evolutionary 
relationships were calculated 
based on nucleotide sequence us- 
ing the Felsenstein program 
Drawtree of the PHYLIP pack- 
age (Felsenstein 1998). Distance 
along the branches is inversely 
related to the degree of sequence 
identity 



Q. 




Members and predicted membrane topology 

The known human members of the SLC22 family are presented in Table 2; Fig. 2 shows 
their phylogenetic relationship. Organic cations are transported by the three electrogenic 
organic cation transporter subtypes OCT1, OCT2, and OCT3 (Gorboulev et al. 1997; 
Griindemann et al. 1994, 1997, 1998a; Kekuda et al. 1998; Mooslehner and Allen 1999; 
Okuda et al. 1996; Schweifer and Barlow 1996; Terashita et al. 1998; Zhang et al. 1997a) 
and by the transporters OCTN1 and OCTN2 (Sekine et al. 1998; Tamai et al. 1997, 1998, 
2000; Wu et al. 1998a, 2000a). A large group of transporters within the SLC22 family is 
engaged mainly in organic anion transport: Five organic anion transporters have been 
identified in humans, comprising OAT1-OAT4 and URAT1 (Cha et al. 2000, 2001; 
Enomoto et al. 2002a; Hosoyamada et al. 1999; Reid et al. 1998). OAT5, Fliptl, hUST3, 
OCTL1, and OCTL2 are gene products with unknown function (Eraly and Nigam 2002; 
Nishiwaki et al. 1998; Sun et al. 2001). With the exception of splice variants (Bahn et al. 
2000; Urakami et al. 2002; Zhang et al. 1997b), all members of the SLC22 family contain 
12 presumed transmembrane-spanning a-helices and two large hydrophilic loops. The first 
one connects the first and second transmembrane helix and could be assigned to the extra- 
cellular side in rOCTl (Meyer- Wentrup et al. 1998), whereas the second one connects the 
sixth and seventh transmembrane helix and is probably localized intracellularly because it 
contains consensus sequences for protein kinase C-dependent phosphorylation (see pro- 
posed membrane topology of hOCTl in Fig. 1). Of these phosphorylation sites, the one 
corresponding to serine 286 in rOCTl (Koepsell et al. 1999) is conserved in almost all 
members of the SLC22 family. 



Name a.a. Identity Tissue expression Gene locus HUGO gene Nucleotide accession no. References 

with hOCTl symbol 
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The electrogenic organic cation transporters 0CT1, 0CT2, and OCT3 

Chromosomal localization and common functional properties of OCTs 

The three subtypes of polyspecific electrogenic cation transporters, OCT1, OCT2, and 
OCT3, have been isolated from rat (Griindemann et al. 1994; Kekuda et al. 1998; Okuda 
et al. 1996), mouse (Mooslehner and Allen 1999; Schweifer and Barlow 1996; and Gen- 
Bank accession no. AF078750), and man (Gorboulev et al. 1997; Griindemann et al. 
1998a; Zhang et al. 1997a). In addition, OCT1 was cloned from rabbit (Terashita et al. 
1998), and OCT2 from rabbit and pig (Griindemann et al. 1997; Zhang et al. 2002). In hu- 
man, the genes coding for OCT1, OCT2, and OCT3 are localized within a cluster on chro- 
mosome 6 (q26-27) (Griindemann and Schomig 2000; Griindemann et al. 1998a; Koehler 
et al. 1997; Eraly et al. 2002). Each of the three genes comprises 11 exons and 10 introns 
(Griindemann and Schomig 2000; Hayer et al. 1999; Verhaagh et al. 1999). On the protein 
level, individual transporter subtypes from human, mouse, and rat exhibit cross-species 
identities of 78-95% (OCT1), 81-91% (OCT2) and 87-93% (OCT3). Within a given spe- 
cies, the amino acid identities between different subtypes are 67-70% between OCT1 and 
OCT2, 47-57% between OCT1 and OCT3, and 49-51% between OCT2 and OCT3. Splice 
variants have been identified for OCT1 from rat and human (Hayer et al. 1999; Zhang et 
al. 1997b), and for human OCT2 (Urakami et al. 2002). One splice variant of rat OCT1, 
rOCTIA (Zhang et al. 1997b), lacks the first two transmembrane helices and the large ex- 
tracellular loop that connects them. When expressed in Xenopus oocytes, rOCTIA exhibit- 
ed TEA uptake with a Michaelis — Menten constant ( K m ) value of 42 pM that was similar 
to the K m of wild-type rOCTl (95 pM, Griindemann et al. 1994), albeit at -10% of the 
wild type’s maximal transport rate. Four splice variants of human OCT1 showed no func- 
tion (Hayer et al. 1999), whereas hOCT2A, a splice variant of human OCT2, has a truncat- 
ed C-terminus lacking the last three proposed transmembrane domains, transported TEA 
with -5% of the wild type’s maximal rate, but revealed at higher affinity for a variety of 
cations (Urakami et al. 2002). 

Within the human OCT transporters which translocate organic cations, 236 amino acids 
are conserved, whereas 413 amino acids are conserved within the human transporters 
OCTN1 and OCTN2 which translocate organic cations and are Na + -cotransporters for car- 
nitine. 107 amino acids are conserved between the human OCT transporters on the one 
hand and OCTN-transporters on the other. Considering transporters from all species, 34 
amino acids are conserved between all members of the SLC22 family (see Fig. 1), they 
may have structural key functions. All OCT and OCTN transporters that are capable to 
transport organic cations (see Table 2) share 92 conserved amino acids. However, 82 of 
them are also present in some OATs of the SLC22 family, leaving only ten amino acids 
(see red amino acids in Fig. 1) which may convey cation-specific properties to organic ion 
transporters. The three OCT subtypes are related less closely among each other than the 
OCTN transporters. The higher degree of amino acid conservation of the OCTNs may be 
explained by the additional structural constraints imposed by the dual mode of operation 
of the OCTNs either as organic cation uniporter or as Na + /carnitine cotransporter. 

Thirty-six amino acids are conserved between OCT 1-3 that are neither conserved in 
the OCTNs nor in the OATs (yellow in Fig. 1). All OCT and OCTN transporters contain 
several consensus sequences for protein kinase C- and protein kinase A-dependent phos- 
phorylation. One of these sequences (Fig. 1, serine with blue point) is conserved through- 
out the whole SLC22 family excluding hCTl. The transporters of the SLC22 family fur- 
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thermore contain consensus sequences for N-linked glycosylation within the large extra- 
cellular loop. One of these sequences is conserved in most family members, including the 
OCT and OCTN transporters (Fig. 1, blue star). 

Cation transport by OCTs has been investigated in several heterologous expression sys- 
tems including Xenopus oocytes (Busch et al. 1996a; Griindemann et al. 1994; Arndt et al. 
2001; Budiman et al. 2000; Chen and Nelson 2000; Gorboulev et al. 1997; Kekuda et al. 
1998; Nagel et al. 1997; Okuda et al. 1996, 1999; Terashita et al. 1998; van Montfoort et 
al. 2001; Wu et al. 2000b; Zhang et al. 1997a), human embryonic kidney (HEK) 293 cells 
(Arndt et al. 2001; Busch et al. 1996b; Griindemann et al. 1997, 1998a, 1998b; Mehrens et 
al. 2000; Pietig et al. 2001), HeLa cells (Wu et al. 1998b; Zhang et al. 1998b), MDCK 
cells (Sweet and Pritchard 1999a; Urakami et al. 1998, 2001), Chinese hamster ovary 
(CHO-K1) cells (Barendt and Wright 2002), human retinal pigmented epithelium (HRPE) 
cells (Wu et al. 1998b), and others (Kimura et al. 2002; Pan et al. 1999; Takeda et al. 
2002). Expressed transport was determined as uptake of radioactively labelled compounds, 
as electrical current across the entire oocyte membrane in the two electrode voltage-clamp 
configuration (for example see Arndt et al. 2001), or as current across giant patches ex- 
cised from the oocyte plasma membrane in the patch clamp configuration (Budiman et al. 
2000), and as cytoplasmic fluorescence change elicited by uptake of a fluorescent sub- 
strate (Mehrens et al. 2000). 

The apparent K m values for substrates and the apparent K\ values for inhibitors were 
largely independent from the employed expression system. In contrast, absolute transport 
rates differed largely between laboratories. Since the affinities for substrates and inhibitors 
are dependent on membrane potential and regulatory state of the transporter (Mehrens et 
al. 2000), different experimental conditions are likely to cause a certain variability of these 
parameters. In this respect, methods such as two-electrode voltage-clamp and patch-clamp 
have important advantages: because the membrane potential in these experiments is not 
only known, but also controlled efficiently (usually to -50 mV), this otherwise confound- 
ing source of variation can be eliminated such that the kinetic parameters obtained this 
way are more reproducible within one laboratory, and data from separate laboratories may 
be interpreted together. 

Several properties are common to all OCTs and independent from subtype or species, 
(a) OCTs translocate a variety of organic cations with widely differing molecular struc- 
tures, and are inhibited by other, nontransported compounds (Table 3). (b) OCTs translo- 
cate organic cations in an electrogenic manner. Electrogenicity of transport has been 
shown for the rat transporters rOCTl, rOCT2, and rOCT3 (Arndt et al. 2001; Busch et al. 
1996a; Griindemann et al. 1994; Kekuda et al. 1998; Nagel et al. 1997; Okuda et al. 1999), 
and for the human transporters hOCTl and hOCT2 (Busch et al. 1998; Dresser et al. 2000; 
Gorboulev et al. 1997). (c) OCTs operate independently from Na + , Cl", and H + ions (Busch 
et al. 1996a; Gorboulev et al. 1997; Kekuda et al. 1998, and H. Koepsell et al., unpub- 
lished data), (d) OCTs are able to translocate cations across the plasma membrane in either 
direction. In addition to cation influx, cation efflux has been demonstrated for rOCTl, 
rOCT2, hOCT2, and rOCT3 (Busch et al. 1996a, 1998; Kekuda et al. 1998; Nagel et al. 
1997). 

Most substrates translocated by the OCT transporters are organic cations, but there are 
also several weak bases and noncharged compounds among the transported substrates (see 
Table 3 and Arndt et al. 2001; Dresser et al. 2001; Griindemann et al. 1999; Hayer-Zillgen 
et al. 2002; Urakami et al. 2001; Zhang et al. 1999, 2000). Transported substrates as well 



Table 3 Substrates and inhibitors of human OCT and OCTN transporters. Data transport of different substrate; charge symbols are: 0, uncharged and not ion- 

are derived from isotope uptake and uptake-inhibition experiments at physio- ized; +, permanent positive charge; permanent negative charge; +/-, zwitter- 

logical pH values using different expression systems (numbers in bold,/f m of ion; (+), weak base; (-),weak acid) 
transported substrates; numbers in parentheses, IC 50 value for inhibition of 
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Acebutolol /J-Blocker + (96) Zhang et al. 1998b 

Acyclovir Antiviral drug (+) 151 Takeda et al. 2002 

Amantadine Anti-Parkinson + 27 (23) Busch et al. 1998 

Cephaloridine Antibiotic +/- 230 Ganapathy et al. 2000 

Cefepime Antibiotic +/- 1,700 Ganapathy et al. 2000 



Table 3 (continued) 
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Phenoxybenzamine a Blocker + (2.7) (4.9) (6.1) Hayer-Zillgen et al. 2002 

Phenformin Antidiabetic + (10) (65) Dresser et al. 2002 

Prazosin a Blocker + (1.8) (>100) (13) Hayer-Zillgen et al. 2002 

Procainamide Na + ch. blocker + (74), (107) (50) (738) Gorboulev et al. 1997; Zhang et al. 1998b; 

Wu et al. 2000b; Zhang et al. 1999 
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nicotinamide) 

SKF550 (9-(Fluorenyl)- + (>0.3) (0.1) (0.05) Hayer-Zillgen et al. 2002 

lV-methyl-/)-chloroethyl - 

amine) 

Tetrabutylammonium + (30) (52), (120) Dresser et al. 2002; Zhang et al. 1999 
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as inhibitors of the OCT transporters may be endogenous compounds, drugs or xenobi- 
otics. Transported endogenous substrates of the OCTs include the monoamine neurotrans- 
mitters acetylcholine, dopamine, serotonin, histamine, choline, and compounds such as 
creatinine, guanidine, and thiamine. The steroid hormones corticosterone, deoxycorticos- 
terone, and /3-estradiol inhibit OCTs but are probably not transported themselves (H. 
Koepsell et al., unpublished data). Many drugs and xenobiotics interact with the OCTs, ei- 
ther as transported substrates or as inhibitors. When the interaction of a compound with 
OCT was tested indirectly via its effect on TEA or MPP uptake, it is important to keep in 
mind that inhibition does not provide any clues as to whether the compound is transported 
or not. Competitive binding of a second ligand can provide a sufficient explanation for an 
observed inhibition. However, whether that second ligand is transported or not has no pre- 
dictable effect on the uptake of the first ligand. 

Examples for drugs that are transported by human OCTs include the histamine receptor 
antagonist cimetidine (Barendt and Wright 2002; Zhang et al. 1998b), the antidiabetics 
metformin and phenformin (Dresser et al. 2002), the antiviral agents acyclovir and ganci- 
clovir (Takeda et al. 2002), the muscle relaxant memantine (Busch et al. 1998), and the 
antiarrhythmic quinidine (van Montfoort et al. 2001). Many other drugs are known to in- 
hibit human OCTs but have not been tested for transport (Table 3), including agonists and 
antagonists of a-adrenoreceptors, /3-adrenoreceptor antagonists, blockers of Na + - and 
Ca ++ -channels, and antidepressants. Some cations like the xenobiotic MPP are transported 
by all OCTs. Although organic cations are clearly the preferred ligands of the OCTs, sev- 
eral uncharged or anionic compounds are known to be inhibitors or even transported sub- 
strates of these transporters. For example, transport of the weak base cimetidine by hOCT2 
is only partially dependent on the degree of ionization (Barendt and Wright 2002), and the 
anionic prostaglandins are transported by hOCTl (Kimura et al. 2002). Moreover, a num- 
ber of anionic anti-inflammatory drugs such as indomethacin, diclofenac, ketoprofen, me- 
fenamic acid, piroxicam, and sulindac are inhibitors of human OCT1 and OCT2 (Kham- 
dang et al. 2002), and the organic anions probenecid, PAH, and a-ketoglutarate are in- 
hibitors of the rat organic cation transporters rOCTl and rOCT2 (Arndt et al. 2001). 



Tissue distribution of OCTs 

The tissue distribution of the OCT subtypes has been studied in some detail, but substan- 
tial gaps remain to be filled in order to fully understand the physiological roles of these 
transporters. Expression of all cloned OCT transporters was studied in selected tissues by 
Northern blotting (Gorboulev et al. 1997; Griindemann et al. 1994; Kekuda et al. 1998; 
Okuda et al. 1996; Terashita et al. 1998; Wu et al. 2000b). For the rat OCTs, a more com- 
prehensive and detailed analysis was carried out employing quantitative polymerase chain 
reactions with reversely transcribed mRNAs from multiple tissues (Slitt et al. 2002). The 
patterns of rnRNA tissue distribution were found to be subtype-dependent within a given 
species (Busch et al. 1998; Gorboulev et al. 1997; Griindemann et al. 1994; Kekuda et al. 
1998; Okuda et al. 1996; Zhang et al. 1997a), and species-dependent for a given subtype 
(Gorboulev et al. 1997; Griindemann et al. 1994). 

In the species tested so far, OCT1 is mainly expressed in liver. In rodents, but not in 
humans, OCT1 is also expressed strongly in the kidney (Gorboulev et al. 1997; Griinde- 
mann et al. 1994). In rats, high concentrations of OCTlmRNA were furthermore detected 
in small intestine, skin and spleen (Slitt et al. 2002), whereas smaller concentrations of 
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OCT1 mRNA were found in many other tissues, for example in the brain and the mamma- 
ry glands (Gerk et al. 2001). 

OCT2 has a more restricted expression pattern than OCT1, being confined mainly to 
the kidney in human and other species (Gorboulev et al. 1997; Okuda et al. 1996). Howev- 
er, OCT2 was also detectable in human placenta and CNS neurones (Busch et al. 1998; 
Gorboulev et al. 1997) as well as in rat thymus (Slitt et al. 2002) and choroid plexus 
(Sweet et al. 2001). 

The tissue expression pattern of OCT3 mRNA is relatively broad, with some species- 
specific particularities. In the human, OCT3 is mainly expressed in skeletal muscle, liver, 
placenta, kidney, and heart, and to a lesser extent in brain (Griindemann et al. 1998a; Wu 
et al. 2000b). In rats, OCT3 mRNA was mainly detected in placenta, small intestine, heart, 
and brain, and to a lesser extent in kidney, thymus, blood vessels, and skin (Kekuda et al. 
1998; Slitt et al. 2002). In mice, OCT3 mRNA was found in placenta (Verhaagh et al. 
1999). In situ-hybridization showed the presence of OCT3 mRNA in hippocampal and cer- 
ebellar neurones of rat and mice (Schmitt et al. 2003; Wu et al. 1998b); similarly, neuronal 
localization of OCT3 was also observed by single cell RT-PCR on neurones of the superi- 
or cervical ganglion of the rat (Kristufek et al. 2002). 

Although these in situ hybridization experiments do not rule out an additional glial lo- 
calization of OCT3 that is suggested by measurements of uptakci-typc transport in a glial 
cell line (Russ et al. 1996; Streich et al. 1996), the known neuronal localization is suffi- 
cient evidence to put into question the notion that OCT3 corresponds to a mainly extraneu- 
ronal norepinephrine transporter termed uptake 2 system. The uptake 2 system was original- 
ly described as a low-affinity, high-capacity uptake system for norepinephrine of cardiac 
myocytes, but was subsequently also found in vascular and nonvascular smooth muscle 
cells and kidney carcinoma cell lines (Iversen 1965; Schomig and Schonfeld 1990; Tren- 
delenburg 1988). The uptake 2 system exhibited a distinct pattern of sensitivity to various 
inhibitors, including a very high sensitivity to corticosterone. Cation uptake by rat and hu- 
man OCT3 showed similar sensitivities to some inhibitors as norepinephrine uptake into 
cardiac myocytes (Grohmann and Trendelenburg 1984; Iversen and Salt 1970) and human 
Caki 1-cells (Griindemann et al. 1998a; Schomig and Schonfeld 1990; Wu et al. 1998b). 
However, low-affinity transport of norepinephrine may be due to OCT1 and OCT2 as well 
(Busch et al. 1996b, 1998; Griindemann et al. 1998b); therefore, norepinephrine uptake 
cannot be assigned to OCT3 in tissues that express multiple OCT subtypes. In conclusion, 
the wide distribution of OCT3 including neurones, the long list of OCT3 substrates other 
than norepinephrine (Wu et al. 2000b), and the fact that norepinephrine is also a good sub- 
strate for other transporters such as OCT1 and OCT2 provide good reasons to abandon the 
simplistic and misleading habit of equating this transporter with “the” extraneuronal nor- 
epinephrine transporter. The original description of the extraneuronal uptake 2 system was 
based solely on functional criteria, but these might be satisfied by more than a single 
cloned transporter, both in theory and according to all available evidence. 

Only few reports on the subcellular localization of OCT 1-3 exist. In rat kidneys, 
rOCTl and rOCT2 were localized at the basolateral membranes of renal proximal tubules 
(Karbach et al. 2000; Sugawara-Yokoo et al. 2000). Both transporter subtypes showed an 
overlapping distribution: rOCTl was found in the SI and S2 segments, whereas rOCT2 
was localized to the S2 and S3 segments. Recently, a similar basolateral localization was 
shown for human OCT2 in the renal proximal tubules (Motohashi et al. 2002). In contrast 
to rat, however, human OCT2 is expressed in all three segments of the proximal tubules. 
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In rat liver, we localized rOCTl protein to the sinusoidal membrane of hepatocytes, 
mainly those around the central veins (Meyer- Wentrup et al. 1998). Although no data are 
available on the immunolocalization of human OCT1 in liver, human OCT1 is likely to be 
expressed similarly at the sinusoidal membranes of the hepatocytes. 

By immunohistochemistry, we detected OCT1 at the basolateral membrane of the ente- 
rocytes in the small intestine of rats (H. Koepsell et al., unpublished data), but also in sero- 
toninergic neurones of the submucosal and myentric plexus in mice (Chen et al. 2001). In 
the small intestine, OCT1 is supposed to participate in the absorption and secretion of or- 
ganic cations. In addition, OCT1 may mediate the reuptake of serotonin that has been re- 
leased by EC cells (Chen et al. 2001). Enterochromaffine cells are activated by sensory 
neurones that monitor the pressure and chemical composition of the intestinal lumen. Re- 
uptake of serotonin was thought to be mediated exclusively by the high affinity Na + /sero- 
tonin cotransporter SERT. Somewhat surprisingly, the knock-out of SERT and its contri- 
bution to serotonin transport could be compensated by OCT1 and by the Na + -dependent 
dopamine transporter DAT (Chen et al. 2001). 

Using small specimens from human cerebral cortex we detected OCT2 protein in neu- 
rones of the human brain (Busch et al. 1998), and rOCT2 was localized by others to the 
apical membrane of epithelial cells of the choroid plexus (Sweet et al. 2001). In these 
sites, OCT2 may be involved in the uptake of choline into neurones and in choline reab- 
sorption from the cerebrospinal fluid. Further studies of the tissue and cellular distribution 
of OCTs are certainly among the experimental approaches that hold the greatest promise 
to improve our understanding of these transporters. 



Ligand specificities of OCTs 

Some substrates and inhibitors have similar affinities for the different OCT subtypes in hu- 
mans (Table 3), rats (Arndt et al. 2001), and mice (Kakehi et al. 2002; and H. Koepsell, 
unpublished data). For example, similar IC 50 values were found for the inhibition of 
hOCTl, hOCT2, and hOCT3 by phenoxybenzamine, of hOCTl and hOCT2 by procaina- 
mide, of hOCT2 and hOCT3 by metformin, and of hOCTl and hOCT3 by /3-estradiol (Ta- 
ble 3). Furthermore, the K m values for MPP uptake by hOCTl and hOCT2 are similar. In 
contrast, the affinity of several other substrates and inhibitors differs significantly between 
the OCT subtypes (Tables 3, 4). When the affinity differences between the OCT subtypes 
are large enough, they may be used to distinguish these subtypes experimentally. For ex- 
ample, an observed transport activity that might be due to either hOCTl or hOCT2 can be 
assigned to one or the other subtype by exploiting the higher sensitivity of hOCT2 to a 
number of inhibitors, including cimetidine (ratio of respective IC 50 values in subtypes 1 
vs. 2: -19:1), N'-methylnicotinamide (NMN) (28:1), prostaglandin E 2 (23:1), quinine 
(7:1), and tetramethylammonium (70:1). The distinction between hOCT3 on the one hand 
and hOCTl and/or hOCT2 on the other can be made based on the much higher sensitivity 
of hOCT3 to the inhibitors o-methylisoprenaline (ratio of respective IC 50 values in sub- 
types 1 and 2 vs. 3: 23:1) and corticosterone (23:1). 

General statements concerning the affinity of ligands to the human OCT subtypes can 
be made only with great caution. Thus, the “liver subtype” hOCTl has a lower affinity for 
many substrates as compared to the “kidney subtype” hOCT2, including cimetidine (ratio 
of IC 50 values in subtypes 1 vs. 2: 19:1), NMN (28:1), prostaglandin E 2 (23:1), quinine 
(7:1), tetramethylammonium (70:1), and tetrapentylammonium (5:1). Exceptions to this 
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Table 4 K m and IC 50 values that are different between the OCT subtypes from rat and mouse. The 
measurements were performed at physiological pH using different expression systems 



Compound 


rOCTl 


rOCT2 


1-OCT3 


References 




K m or (IC 50 ) [pM] 






Rat 










Corticosterone 


(151) 


(4.0), (4.2) 


(4.9) 


Arndt et al. 2001; Wu et al. 1998b 


Dopamine 


19, 51 


2,100, (2,300) 


(384), (620) 


Wu et al. 1998b; Busch et al. 
1996b; Griindemann et al. 1998b 


Estradiol 




(85) 


(1.1) 


Wu et al. 1998b 


Guanidine 


1,660,(4,470) 


172, (171) 




Arndt et al. 2001 


Norepinephrine 




(4,400), (11,000) 


(432) 


Wu et al. 1998b; Griindemann 
et al. 1998b 


0 -Methylisoprenaline 


(37) 


(2,620) 




Arndt et al. 2001 


Procainamide 


(20) 


(445) 




Arndt et al. 2001 


Serotonin 


38 


(3,600) 


(970) 


Wu et al. 1998b; Busch et al. 
1996b; Griindemann et al. 1998b 


d-Tubericidine 


23 


23 




Chen et al. 2002 


Mouse 


mOCTl 


mOCT2 


mOCT3 




Cimetidine 


(0.59) 


(8.0) 




Kakehi et al. 2002 


Procainamide 


(3.9) 


(312) 




Kakehi et al. 2002 


Quinine 


(0.28) 


(2.8) 




Kakehi et al. 2002 


o-Methylisoprenaline 


(8.4) 


(>100) 


(1.4) 


H. Koepsell et al., unpublished data 



rule are /J-estradiol and verapamil which have a higher affinity to hOCTl compared to 
hOCT2 (1:6 and 1:70, respectively). 

Table 4 shows inhibitors and substrates that may be used to distinguish OCT1, OCT2, 
and/or OCT3 in rat and mouse. For a given subtype of the OCT transporters, distinct spe- 
cies differences in affinity for substrates and inhibitors exist. For example, tetramethylam- 
monium inhibits the MPP uptake by OCT1 with IC 50 values of 0.9 mM in rat, of 2 mM in 
mouse, of 5.8 mM in rabbit, and of 12.4 mM in humans (Dresser et al. 2000). Similarly, 
corticosterone inhibits MPP uptake by OCT3 with IC 50 values of 4.9 pM in rats vs. 
0.12 pM in humans (Griindemann et al. 1998a; Wu et al. 1998b). Compounds that interact 
with two OCT subtypes may be nontransported inhibitors for one subtype and a poorly 
transported substrate for another. For example, quinine inhibits TEA uptake by rOCTl 
and rOCT2 with IC 50 values of 4.1 pM and 23 pM, respectively, and is transported by 
rOCTl but not by rOCT2 (Arndt et al. 2001; van Montfoort et al. 2001). 



Targeted disruption of OCT1 and OCT3 

Knock-out mice have been generated for OCT1 and OCT3 (Jonker et al. 2001; Zwart et al. 
2001). Both strains were viable and fertile, showed no obvious physiological defect and 
no sign for reduced embryonic viability. The effects of knocking out the rOCTl gene on 
uptake, distribution, and excretion of organic cations was examined with various radioac- 
tively labelled substrates of OCT transporters. The substances were applied intravenously, 
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and 30 min later their concentrations were determined in blood, liver, small intestine, kid- 
ney, and spleen. Four of the applied compounds (TEA, MPP, cimetidine, and choline) are 
common substrates of all three OCT subtypes; furthermore, TEA is also transported by 
OCTN1 and OCTN2. Compared to wild-type, OCT1 knock-out mice had similar tissue 
distributions of choline and cimetidine. In contrast, OCT1 knock-out mice showed largely 
reduced concentrations of TEA, MPP and meta-iodobenzyl-guanidine (MIBG) determined 
in liver, and slightly reduced concentrations in small intestine. These findings underline 
the importance of OCT1 for the hepatic uptake of several organic cations; furthermore, 
they suggest that OCT1 is involved in the small intestinal excretion of these cations. In 
contrast, the renal excretion of the tested cations did not depend on OCT1. More detailed 
experiments using TEA showed that the larger fraction of TEA was excreted by the kidney 
(93%) as compared to the liver (7%). Biliary excretion was reduced by 60% after disrup- 
tion of OCT1. An unexpected observation was the 1.5-fold increase of urinary TEA excre- 
tion in the OCT1 knock-out mice, measured within 60 min after intravenous TEA admin- 
istration. This increase could be due to a rapid upregulation of transporters that mediate 
renal TEA excretion such as OCT2, OCTN1, or OCTN2 (see the section entitled “Organic 
cation transport in liver and kidney”). As an alternative explanation, disruption of OCT1 
may have destroyed the ability of the liver to act as a sink for TEA. Without that sink, 
higher plasma concentrations of TEA and thus enhanced renal excretion are a likely sce- 
nario. The importance of OCT1 for the uptake of organic cations into liver and small intes- 
tine was confirmed by Sugiyama and coworkers who showed that the concentration of the 
antidiabetic metformin 10 min after intravenous application was considerably reduced in 
liver and small intestine of OCT1 knock-out mice as compared to control animals; in con- 
trast, the concentration of metformin in the kidney was not different (Wang et al. 2002). 

Similar pharmacokinetic studies using radioactively labelled MPP in mice with a 
knock-out of OCT3 did not reveal significant changes of MPP concentration in many tis- 
sues including liver, kidney, small intestine, brain, and placenta. In contrast, the concentra- 
tion of MPP was significantly reduced in the heart. These data suggest that OCT3 is not 
important for MPP uptake in liver, kidney and small intestine, but plays a significant role 
for the uptake of organic cations in heart. Interestingly, the MPP concentration in mouse 
embryos was significantly reduced in OCT3 knock-out mice even though the MPP con- 
centration in the placenta was similar to controls. This may suggest that OCT3 is not nec- 
essary for the translocation of MPP and other common substrates of OCT transporters 
across the materno-fetal barrier of the placenta, but is essential for the uptake of organic 
cations in embryonic tissues where it may be expressed early during development (Slitt et 
al. 2002). Another explanation would be that MPP is taken up independently from OCT3 
into the maternal portions of the placenta, but needs OCT3 to cross the materno-fetal bar- 
rier. Expression of OCT1 in the placenta was shown in human and rat, whereas rOCT2 
could not be detected (Wessler et al. 2001a; H. Koepsell et al., unpublished data). So far, 
no evidence has been presented that the disruption of OCT3 leads to changes in norepi- 
nephrine concentrations in embryos. 



Functional mechanism of rOCT2 

In collaboration with G. Nagel (Max Planck Institute of Biophysics, Frankfurt), we carried 
out a series of studies focusing on the transport mechanism of rOCT2 (Arndt et al. 2001; 
Budiman et al. 2000; Nagel et al. 1997). The function of OCT transporters can be studied 
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Fig. 3a, b Choline transport by 
the organic cation transporter 
rOCT2 from rat. a Current- volt- 
age relation in giant patches of 
Xenopus oocytes expressing 
rOCT2, inside-out configuration 
with symmetrical choline con- 
centrations of 2 mM (O) or 
10 mM (•); holding potential be- 
tween voltage steps was 0 mV. b 
Model of a simple carrier, illus- 
trating the individual reaction 
steps involved in electrogenic 
cation uniport (red) and elec- 
troneutral cation/cation exchange 
(green). T a and 7), transporter 
conformations with the cation 
binding site oriented outwardly 
and inwardly, respectively; cat + , 
monovalent organic cation 
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in detail by isotope uptake or voltage-clamp experiments. The electrical measurements 
can be performed either on intact oocytes or on giant patches excised from the oocyte plas- 
ma membrane. These methods allow short term measurements at controlled membrane po- 
tentials. Whereas in intact oocytes the intracellular concentrations of endogenous sub- 
strates and inhibitors cannot be controlled, the giant patch technique allows adjustment of 
the buffer composition on both membrane sides. Unfortunately, giant patch measurements 
are technically demanding and can be used only with highly active transporters. We select- 
ed the rat OCT2 transporter for giant patch measurements because it provided us with the 
highest currents as compared to other subtypes and species forms. 

In the inside-out configuration, giant patches from oocytes expressing rOCT2 clamped 
to 0 mV yielded K m values for the efflux of choline and TEA that were similar to the K m 
values obtained at the same holding potential for the influx of these substrates in intact oo- 
cytes. This suggests symmetric translocation of small cations by rOCT2. When the mem- 
brane potential was set to values different from 0 mV, the effects on the K m values of cho- 
line and TEA were different for the influx as compared to the efflux. This suggests that 
the binding or debinding of cations to or from rOCT2 occurs within the electrical field of 
the plasma membrane. Because rOCT2 operates in a rather symmetric way and mediates 
the translocation of many organic cations, we tried to determine whether rOCT2 conforms 
to the simple alternating access model according to which the translocation of substrate is 
stoichiometrically linked to conformational changes of the transporter, or whether it may 
also function as a channel. Figure 3a shows recordings from giant patches with symmetri- 
cal choline concentrations and at various membrane potentials. The experiments demon- 
strate that both inward and outward currents are voltage dependent in a way that is rather 
symmetric around the reversal potential. 

Interestingly, considerably higher currents were observed with 2 mM choline as com- 
pared to 10 mM choline on both sides of the membrane. Such a result would be expected 
for the simple alternating access model: in addition to electrogenic transport as the result 



Rev Physiol Biochem Pharmacol (2003) 150:36-90 



59 



of the sequence of steps (substrate binding to the outside — > translocation of the bound 
substrate to the intracellular side — ► debinding of substrate — > reorientation of the empty 
substrate binding site towards the extracellular side), this model also predicts electroneu- 
tral cation exchange at high substrate concentrations (Fig. 3b). Alternatively, a channel 
with an inhibitory, low-affinity cation binding site may show a similar decrease of current 
at high substrate concentrations. However, we could rule out a channel-like transport mode 
by demonstrating trans-stimulation of dopamine efflux by choline under voltage-clamp 
conditions (G. Nagel, H. Koepsell et ah, unpublished data). Tratzs-stimulation of a trans- 
porter is expected if the in-to-out reorientation of the substrate binding site of the loaded 
carrier occurs more quickly than reorientation of the empty one. A channel may show 
trans-stimulation only if it contains a trans-stimulating cation binding site. Thus, the no- 
tion that rOCT2 is a channel can only be maintained together with the additional assump- 
tions of both a stimulatory extracellular cation binding site (to explain trans-stimulation 
by bath choline) and a second, inhibitory cation binding site that is somehow able to over- 
ride the effect of the stimulatory site (to explain the reduction of currents at high substrate 
concentrations under symmetric conditions). Because these assumptions are not supported 
by any independent evidence and lead to rather complicated models, whereas the same ob- 
servations can be explained easily with the simple carrier, these experiments strongly sup- 
port the idea that rOCT2 is a transporter rather than a channel. 



The substrate binding sites of OCT transporters 

We recently characterized the outwardly and inwardly directed conformations of the sub- 
strate binding sites of rOCT2 using the nontransported inhibitors tetrabutylammonium and 
corticosterone (C. Volk and H. Koepsell, unpublished data). These inhibitors were used to 
measure the short-term inhibition of inward currents in intact oocytes induced by applica- 
tion of choline from the outside, and outward currents in giant patches induced by choline 
application from the inside. The experiments suggest that either inhibitor interacts both 
with the inwardly directed and outwardly directed conformations of the substrate binding 
sites. The inhibition of choline transport by tetrabutylammonium and corticosterone could 
be completely or partially overcome by high choline concentrations. Interestingly, tetra- 
butylammonium had a significantly higher affinity from the outside compared to the in- 
side, whereas corticosterone had a higher affinity from the inside compared to the outside. 
The data suggest that the polyspecific OCT transporters contain binding pockets with par- 
tially overlapping interaction domains for different substrates and inhibitors. Reorientation 
of the substrate binding pockets may be accompanied by structural changes of the binding 
pocket that alter the affinity for substrates or inhibitors. As a consequence, some inhibitors 
or substrates may have different affinities on the outside vs. the inside. Because the differ- 
ent ligands have different interaction sites, those affinity changes may go in different di- 
rections for different ligands. It is thus easy to imagine that competition between inhibitors 
and substrates within the binding pocket may vary considerably between individual in- 
hibitors or substrates, and may be different from outside than from inside. 
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Regulation of OCTs 

The cloning of the polyspecific organic cation transporters made it possible to address the 
regulation on the level of individual OCT subtypes. Knowledge about the specific regula- 
tory pathways may help to devise pharmacotherapeutic strategies. OCTs appear to be reg- 
ulated both on the mRNA and protein level. In addition, regulatory processes may alter 
the functional properties of OCT transporters within the plasma membrane. Furthermore, 
the available data suggest that the regulation of OCTs is subtype-, tissue-, and species-de- 
pendent. 

Long-term regulation is evidenced by expression of cation transport in rat kidney that 
is gender dependent and changed during diabetes (Bowman and Hook 1972; Grover et al. 
2002). In male rats, basolateral uptake of TEA into renal proximal tubule cells was twice 
as high as in female rats and correlated with increased levels of rOCT2 mRNA and protein 
(Urakami et al. 1999). Application of testosterone to female rats resulted in increased ex- 
pression of OCT2, whereas application of estradiol to male rats decreased the expression 
of OCT2 (Urakami et al. 2000). Levels of OCT2 mRNA in Mardin Darby canine kidney 
(MDCK) cells increased about twofold following exposure to dexamethasone, hydrocorti- 
sone or testosterone (Shu et al. 2001). In rats with streptozotocin-induced diabetes, TEA 
transport into sections of rat kidney cortex was diminished, and this effect could be re- 
versed by administration of insulin (Grover et al. 2002). Sequencing of the promoter re- 
gions of the human OCT2 and OCT3 genes revealed consensus sequences for the binding 
of several ubiquitous and specific transcription factors (Griindemann and Schomig 2000), 
but the binding and/or functional activity of the respective transcription factors was not 
studied. 

Short-term regulation of rat and human OCT1, OCT2 and/or OCT3 has been investigat- 
ed in HEK 293 cells and in Xenopus oocytes (Cetinkaya et al. 2003; Martel et al. 2001; 
Mehrens et al. 2000; Schlatter et al. 2002). Some additional experiments were performed 
in isolated proximal tubules from rabbit and human kidney (Hohage et al. 1994; Pietig et 
al. 2001). In HEK 293 cells, rOCTl -mediated transport of 4-(4-(dimethylamino)styryl)-/V- 
methylpyridinium iodide (ASP) was stimulated by activators of protein kinase C (PKC), 
of protein kinase A (PKA), and of tyrosine kinase (Mehrens et al. 2000), but inhibited by 
cGMP (Schlatter et al. 2002). In HEK 293 cells, PKC-dependent stimulation of rOCTl 
was accompanied by phosphorylation of rOCTl, whereas inhibition of rOCTl by cGMP 
appeared to be independent from phosphorylation (Mehrens et al. 2000; Schlatter et al. 
2002). Since the inhibition of rOCTl by cGMP was only observed in HEK 293 cells but 
not in Xenopus oocytes, the effect of cGMP might require a regulatory protein that is not 
expressed in the oocytes. Interestingly, substrate selectivity of rOCTl was changed after 
stimulation of PKC by sn-l,2-dioctanoyl glycerol (DOG; Mehrens et al. 2000); the affini- 
ties of TEA, tetrapentylammonium, and quinine for rOCTl were increased by factors of 
58, 15, and 2, respectively. At variance to rOCTl, uptake of ASP into HEK-293 cells sta- 
bly expressing hOCT2 was not affected after stimulation of PKC by DOG, and was slight- 
ly inhibited after stimulation of PKA by forskolin (Cetinkaya et al. 2003). Furthermore, 
hOCT2 was inhibited by the muscarinic receptor agonist carbachol that is known to in- 
crease intracellular Ca 2+ concentration via an activation of the phospholipase C (PLC) 
pathway. ASP uptake by hOCT2 was largely reduced by calmidazolium which inhibits the 
Ca 2+ /calmodulin complex (Ca 2+ /CaM), by inhibitors of the Ca 2+ /CaM dependent protein 
kinase II, or by inhibitors of Ca 2+ /CaM dependent myosin light-chain kinase. This indi- 
cates that OCT2 is constitutively activated by the Ca 2+ /calmodulin complex. The effect of 
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carbachol, however, appears to be independent from Ca 2+ /CaM because it was not sensi- 
tive to calmidazolium. On the other hand, inhibition of hOCT2 by carbachol was abolished 
after blocking of phosphatidyl 3-kinase, another pathway downstream to PLC. Similarly 
to rOCTl, regulation might affect affinity of hOCT2: inhibition of the Ca 2++ /calmodulin 
complex by calmidazolium decreased the affinity of hOCT2 for TEA tenfold (Cetinkaya 
et al. 2003). 

To compare the regulation of hOCT2 in heterologous expression systems with that pre- 
vailing in native tissues, uptake of ASP was measured across the basolateral membrane of 
isolated human proximal tubules (Pietig et al. 2001) which is likely to reflect hOCT2 ac- 
tivity based on the known localization of hOCT2 in the basolateral membrane of renal 
proximal tubules (Motohashi et al. 2002) and the typical inhibition characteristics (Pietig 
et al. 2001). Given the low levels of OCT1 in human kidney (Gorboulev et al. 1997) and 
the highly reduced activity of the hOCT2 splice variant described above (Urakami et al. 
2002), ASP uptake via transporters other than hOCT2 is expected to be less than 10% of 
hOCT2-mediated uptake. 

Basolateral uptake of ASP in human proximal tubules was inhibited upon activation of 
PKA by forskolin, in keeping with the findings in HEK 293 cells expressing hOCT2. Stim- 
ulation of PKC. however, inhibited ASP uptake in the proximal tubules, at variance to 
hOCT2-expressed uptake in HEK 293 cells, suggesting that the regulation of hOCT2 is 
strongly modulated by the differential expression of signaling pathways or cofactors in dif- 
ferent cell types. 

The regulation of human hOCT3 was examined after stable expression in HEK 293 
cells (Martel et al. 2001). Similar to hOCT2, cation uptake mediated by hOCT3 was re- 
duced by inhibition of the Ca 2+ /calmodulin complex. Unlike hOCT2, which was inactivat- 
ed by inhibition of Ca 2+ /CaM-dependent kinases, hOCT3 was inactivated by inhibition of 
a Ca 2+ /CaM-dependent phosphodiesterase, PDE1. Furthermore, hOCT3 was not signifi- 
cantly affected by PKA. 

Taken together, the data indicate complex subtype specific short-term regulations of 
the organic cation transporters. The regulations may involve transporter phosphorylation 
and regulatory proteins; both may alter the functional properties of the transporter as well 
as transporter concentrations within the plasma membrane. Apart from phosphorylation 
and regulatory proteins, the observed effects might be explained by indirect effects, for 
example by changes affecting membrane potential or the concentration of endogenous or- 
ganic cations or anions (Goralski et al. 2002). 



Structure-function relations in OCTs: insights from mutagenesis studies 

Amino acids that are common to the OCTs but different in OAT and/or OCTN trans- 
porters provide a reasonable point of departure in attempts to identify individual amino ac- 
ids of rOCTl that are essential for organic cation transport. Of these, a change of Asp 145 
in the large extracellular loop (Fig. 4) to histidine had no effect on cation transport (Chen 
et al. 2002). In contrast, mutations of Asp475 in the middle of the predicted 11th trans- 
membrane domain (see Figs. 1, 4) changed transport selectivity (Gorboulev et al. 1999); 
OATs 1-5, URAT1, OCTN1, and OCTN2 all carry an arginine rather than aspartate in this 
position. When we replaced Asp475 of rOCTl by arginine, asparagine, or glutamate, we 
observed specific transport rates in HEK-293 cells that were less than 10% as compared to 
wild type. In Xenopus oocytes, however, only the Asp475Glu mutant yielded detectable 
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TMD 1 50 

rOCTl MP.TVPDVLE QVGEFGWFQK QAFLLLCLIS ASLAPIYVGI VFI -FTPGHY 

hOCTl MP.TVDDILE QVGESGWFQK QAFLILCLLS AAFAPICVGI VFLGFTPDHH 

hOCT2 KPTTVDDVLE HGGEFHFFQK QMFFLLALLS ATFAPIYVGI VFLGFTPDHR 

rOCTN2 .MRDYDEVTA FLGEWGPFQR LIFFLLSASI IPNGFWGMSI VFLAGTPEHR 

mOCTN2 .MRDYDEVTA FLGEWGPFQR LIFFLLSASI IPNGFNGMSI VFLAGTPEHR 

hOCTN: .MRDYDEVTA FLGEMGPFtff) LI ^gLLSASl I F7GLSS VFLIATPEHR 

hOATl . .MAFNDLLO QVGGVGRP IQVTLWLPL LLMAStOJTlQ NFTAAI PTHM 
flOATl . .MPF: 1 [1 

rOATJ . .MTFSEILD RVGSM3PFQY LHVTLLALPV l/JIANHNLLQ I FTATTPVHH 
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hOCTl AFSPNYHSML LFRLLQGLVS KGNVWAGYTL I7F.FVGSGSR R7VA.IMYQM 
hOCT2 AISPTYTWML IFRLIQGLVS KAGWLIGY1L ITEFVGRRYR RTVG.IFYQV 
rOCTN2 LFSVNFEMFT VLFVLVOtGQ ISlfl^AAP/L GTEILSKSIR IIFATLGVCI 
mOCTN: VFSVNFEMFT VLFVLVGMGQ ISNWAAFVL GTEILSKSIR IIFATLGVCI 

hOCTN. IFSKNFEMFV VLFVLVGMGO ISl®/AAFVL GTEILGKSVR IIFSTLGVCI 
hOATl AFAPNFPIYC AFRLLSGMAL AGISLNCMTL NVEWMPIHTR ACVGT.LIGY 
flOATl AFSSSFSLFC VFRFGCGLAL SGLGLNTFSL IVEWIPTRIR TAVGT.TTGY 
rOAT3 AFSPSLPVYM IFRFLCGCSI SGISLSTVTL NVEWVPTSWt AISST.SIGY 
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hOCTN2 VPAYVLAWLL LQYLa8RYSM ATALFLGGSV LLFMQLVPPD LYYLATVLVM 
hOATl LPAKLVGFLV 1 NSLGRRPAQ MAALLLAGIC ILLNGVIPQO QSI'/RTSLAV 
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rOAT3 : F -WITILS LSYLGRRITQ sfllllagga ilalifvpse mqllrtalav 
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KAKEWTIYLQ VQTGKSSST 
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RQQQEHQKYM VPLQASAQEK NGF 
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KTKOESEAEK AS01IPLK7G G 



Fig. 4 Amino acid sequence alignment of selected SLC22 family members, indicating the position of spon- 
taneous or genetically engineered mutations that elicit specific changes of transport function. The alignment 
was performed with the GCG programs PileUp and LineUp (Wisconsin Sequence Analysis Package, ver- 
sion 8.0. Genetic Computer Group. University Research Park, Madison, Wisconsin, 2000). Abbreviated 
gene names as in Table 2 and in the text. References are given in the text. Boxed amino acids, sites of point 
mutations engineered in vitro; circled a.a., sites of spontaneous point mutations identified in the respective 
species; gray, a.a. whose mutation did not significantly affect transport; white, amino acids whose deletion 
did not significantly affect transport; yellow, sites of missense mutations that reduced transport activity to 
<10% of wild type when assayed in fibrocytes of homozygous patients or in heterologous expression sys- 
tems; green, sites of missense mutations that caused specific changes of substrate affinity and/or substrate 
selectivity; red, site of missense mutation in hOCTN2 that led to a reduced Na + -affinity of Na + /L-camitine 
cotransport 



transport, which was reduced to 2.3% for TEA, 3.2% for NMN, 3.5% for choline, and 
11.4% for MPP. 

Interestingly, the Asp475Glu mutant exhibited considerably higher apparent affinities 
for TEA, NMN, and choline than wild-type OCT1 (respective K m values reduced by fac- 
tors of 8, 3.5, and 15), whereas affinity for MPP was unchanged. Similarly, inhibition of 
TEA uptake by the Asp475Glu mutant occurred with affinities that were higher for some 
inhibitors, but unchanged for others. Two tentative conclusions were drawn from these ob- 
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servations: firstly, Asp475 is probably close to the substrate binding site of rOCTl; sec- 
ondly, the cation binding site of rOCTl behaves as a pocket that offers several, only par- 
tially overlapping interaction domains for different substrates. Such a crucial role of 
Asp475 in the 11th potential transmembrane domain rOCTl seems to be at odds with the 
reported transport activity of a hOCT2 splice variant that lacked the entire C-terminus in- 
cluding the tenth, 11th and 12th transmembrane domain (Urakami et al. 2002). Because 
the essential role of the 11th TMD is well established for further members of the SLC22 
family, we hypothesize that the residual activity observed with this splice variant was ei- 
ther due to an activation of an endogenous transport activity, or to a second, alternate 
transport path within the same transporter molecule. Thus, point mutations of the arginine 
residues in the organic anion transporters OAT1 from flounder (fOATl) and OAT3 from 
rat (rOAT3) that correspond to Asp475 in rOCTl (see Fig. 4) produced similar specific 
functional changes (Feng et al. 2001; Wolff et al. 2001). In fOATl, the mutation 
Arg478Asp decreased affinity and maximal transport rate for para-amminohippurate 
(PAH; Wolff et al. 2001), and abolished interaction with glutarate. In rOAT3, the muta- 
tions Arg454Asp and Arg454Asn (see Fig. 4) both changed substrate selectivity with re- 
spect to the anions PAH and ochratoxin A, the weak base cimetidine and the permanently 
charged cation MPP (Feng et al. 2001). The pivotal functional importance of the predicted 
11th TMD was further confirmed for OCTN2 by point mutations in other positions of the 
11th TMDs (see the section entitled “The carnitine and cation transporters of the SLC22 
family” and Fig. 4). 

Other data suggest that the eighth transmembrane domain may also be part of the sub- 
strate binding pocket in transporters of the SLC22 family. The mutation Lys370 in the 
eighth transmembrane domain of rOAT3 to alanine changed substrate selectivity; for ex- 
ample, uptake of PAH was reduced to a considerably higher extent than the uptake of ci- 
metidine (Feng et al. 2001). Moreover, substrate selectivity of fOATl was changed when 
Lys394 (corresponding to Lys370 of rOAT3) was mutated to alanine (Fig. 4): frans-stimu- 
lation of PAH efflux by extracellular glutarate was abolished, whereas trans-stimulation 
of PAH efflux by extracellular PAH remained functional (Wolff et al. 2001). In rOAT3, 
an additive effect on substrate recognition was observed in a comparison of MPP uptake 
in the double mutant K370A/R454D vs. the R454D mutant. 

Finally, recent data from our laboratory show an involvement of the fourth transmem- 
brane domain of rOCTl in substrate recognition. Mutations of two amino acids in the 
fourth transmembrane domain selectively and significantly increased substrate affinities 
for certain substrates. Specific effects on transport were also observed after mutation of 
other amino acids in the presumed fourth TMD of human OCTN2 (see the section entitled 
“The carnitine and cation transporters of the SLC22 family” and Fig. 4). 

The functional role of the large extracellular loop connecting TMD-1 and 2 (ECL-1,2) 
of the SLC22 transporters is not well understood. In rOCTl, ECL-1,2 is not required for 
transport, but can affect it nonetheless. Thus, on the one hand, organic cation transport 
was preserved in a splice variant of rOCTl lacking the N-terminus including TMD-1, 
TMD-2, and ECL-1,2 (Zhang et al. 1997b). Replacing ECL-1,2 of rOCTl by ECL-1,2 of 
rOCT2 did not affect the IC 50 of rOCTl for several cations that have largely different 
affinities in rOCT2 (H. Koepsell et al., unpublished data). On the other hand, several point 
mutations within the large ECL-1,2 inactivate rOCTl. Furthermore, mutation of Cys 88 in 
the ECL-1,2 of hOCTl drastically decreased transport rates and altered the substrate selec- 
tivity (Kerb et al. 2002). 
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In conclusion, in-vitro mutagenesis studies in organic anion and cation transporters of 
the SCL22 family indicate that transmembrane domains 4, 8, and 10, possibly together 
with additional domains, determine the structure of the substrate binding pocket, either by 
providing sites of direct interaction with substrates, or by indirectly stabilizing the confor- 
mation of those binding sites. The large extracellular loop may indirectly contribute to the 
formation or stabilization of the substrate binding pocket. No data are available that allow 
any insight into the translocation mechanism. The interpretation of the mutations is limited 
by the fact that the membrane topology of these transporters has not been determined bio- 
chemically and that it is not known whether these transporters operate as monomers, di- 
mers, or oligomers. 



Polymorphisms in human 0CT1 and 0CT2 

A number of mutations and polymorphisms have been identified recently in the human 
OCT1 and OCT2 genes (Kerb et al. 2002; Leabman et al. 2002). Since OCT1 and OCT2 
are critically involved in the hepatic and renal excretion of cationic drugs, functionally rel- 
evant mutations in these transporters can alter the handling of certain drugs in the body 
and thus enhance (or decrease, depending on the particular situation) toxicity and thera- 
peutic efficacy. In a population of 57 Caucasians, numerous single nucleotide polymor- 
phisms (SNPs) within the hOCTl gene were detected and further analyzed. Eight SNPs 
resulted in single amino acid substitutions (Fig. 4). Out of these, three SNPs affected or- 
ganic cation transport in vitro. Two SNPs are located in the large extracellular loop 
(Arg61Cys and Cys88Arg), and one in the short intracellular loop between the TMD-8 
and TMD-9 (Gly401Ser). The frequencies of genotypes heterozygous for these mutants 
were 16% (Arg61Cys), 1.2% (Cys88Arg), and 6.5% (Gly401Ser). Uptake of 0.1 pM MPP 
uptake by Arg61Cys, the most frequent mutant, was about 50% compared to wild-type 
hOCTl, with no differences in affinity. The less frequent mutants Cys88Arg and Gly401- 
Ser exhibited MPP uptake of less than 2% of wild-type hOCTl. Interestingly, the substrate 
selectivity of these mutants was changed. Since hOCTl is required for hepatic uptake of 
cationic drugs and xenobiotics, the mutations with reduced transport activity and/or chan- 
ged substrate selectivity are supposed to affect the hepatic excretion and toxic disposition 
of certain drugs and xenobiotics, for better or worse. 

The occurrence of SNPs in the gene coding for hOCT2 was investigated in 247 individ- 
uals of various ethnicity (Leabman et al. 2002). This study identified 28 variable sites, 16 
of which were localized in coding regions. Eight of these caused single amino acid substi- 
tutions at seven positions (Fig. 4), and one caused a premature termination of the protein. 
Metl65Ile and Arg400Cys were only observed in African-Americans, and Lys432Gln 
only in African-Americans and Mexican-Americans. Furthermore, the ratio of synony- 
mous over nonsynonymous nucleotide changes was significantly higher than the reported 
genetic variations in a population of more than 75 other genes (Cargill et al. 1999; Halush- 
ka et al. 1999). The higher degree of amino acid conservation in hOCT2 implicates a high- 
er selective pressure, underlining the biological importance of hOCT2, which is probably 
related to the elimination and detoxification of organic cations. 

This view is further supported by the observation that a gain of function was found in 
three out of four tested frequent, nonsynonymous SNPs (Ala270Ser, Metl65Ile, 
Arg400Cys, and Lys432Gln). Mutants Metl65Ile and Arg400Cys took up MPP at saturat- 
ing concentrations at a rate 2-3 times higher than wild-type hOCT2, and Lys432Gln 
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showed apparent K m values for MPP and tetrabutylammonium that were reduced by 44% 
and increased by 48%, respectively. Future studies may show whether the rare mutations 
are associated with altered function. Studies in individuals carrying the identified gain-of- 
function mutations as well as carriers of other, hitherto unknown mutations of the hOCT2 
gene may help to elucidate the impact of hOCTs to drug distribution and action, and might 
provide a rationale for improving drug efficacy or reducing drug toxicity. 



Clinical implications of OCTs 

OCTs are involved in a variety of physiological and pathophysiological processes. OCT1 
and OCT2 mediate the first step in hepatic or renal excretion of many cationic and amphi- 
philic drugs. Moreover, OCT1 appears to be involved in the absorption of drugs across the 
epithelium of the small intestine. All OCTs affect the interstitial concentrations of endoge- 
nous compounds (e.g., choline and monoamine neurotransmitters), drugs, and xenobiotics 
in a variety of tissues including brain and heart. OCT1 and OCT3 may mediate the cellular 
release of acetylcholine from the placenta during nonneuronal cholinergic regulation 
(Wessler et al. 1999, 2001b). So far, no specific disease or adverse drug reaction was at- 
tributed to any of the OCTs. This is not astonishing because the OCT subtypes have over- 
lapping expression patterns and substrate specificities, and polyspecific transporters from 
other families share OCT substrates (see the section entitled “Overlap between substrate 
specificities of OCTs and/or OCTNs with other polyspecific transporters”) so that defects 
in function or expression of OCTs may manifest only upon exposure to certain drugs or 
xenobiotics. For instance, some drugs might be less promiscuous than others with respect 
to transporters, and comedication may inhibit alternative transport pathways. The identifi- 
cation of functionally relevant mutations in OCT1 is the first step to investigate this issue. 

Mutations in OCT1 or proteins that are involved in its targeting or membrane turnover 
may result in reduced hepatic excretion of OCT1 substrates (including drugs) that are 
eliminated mainly via biliary excretion. The resulting higher-than-normal plasma levels 
may make similar therapeutic effects possible with lower dosage, or may cause untoward 
side effects. Low expression of hOCT2 in kidney, or defect mutations in hOCT2 potential- 
ly related to one of four uncharacterized mutations (Leabman et al. 2002) may reduce re- 
nal excretion of more hydrophilic cationic drugs. For drugs transported by both OCT1 and 
OCT2, reduced function of OCT2 may lead to increased hepatic elimination or toxicity. 

Comedication with drugs that are substrates or inhibitors of OCTs may have severe 
consequences. For example, the renal and/or hepatic excretion of a drug that is translocat- 
ed by OCT1 and/or OCT2 will be impeded by comedication that blocks both OCT1 and 
OCT2. At variance, hepatic excretion will be increased by comedication with blockers 
specific for OCT2, but not OCT1. In this context it should be noted that weak bases of 
hydrophobic compounds may inhibit OCT transporters from the cytoplasmic side and may 
not be removed easily (Arndt et al. 2001; H. Koepsell et al., unpublished data) and that the 
interaction of two specific drugs at the outwardly or inwardly directed binding pocket of 
OCT1 or OCT2 cannot be predicted. Substrates and inhibitors may compete by different 
degrees and their interaction from intracellular or extracellular may be different. 

In rat, steroid hormones influence the expression of OCT2 (see above). Inui and 
coworkers showed that the reduced excretion of the organic cation cimetidine in 5/6 
nephrectomized rats was associated with a 50% decrease of plasma testosterone and down- 
regulation of OCT2 (Ji et al. 2002); the expression of OCT1 and OAT3 was not changed. 
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Downregulation of OCT2 after nephrectomy was reverted upon intravenous infusion of 
testosterone. These findings raise the attractive and testable hypothesis that impaired renal 
excretion of cationic drugs in patients suffering from chronic renal failure may as well be 
improved by testosterone. Conversely, orchidectomia (e.g., in patients suffering from pros- 
tate cancer) may be associated with an increased risk for accumulation of cationic drugs. 

Two examples of how substrates of OCT transporters may produce adverse drug effects 
if their transport by OCTs is impaired or increased are worth noting. It has been reported 
that the treatment of peptic ulcer with the H 2 histamine receptor blocker cimetidine leads 
to mental confusion in some patients that is reversible after withdrawal of cimetidine 
(Kimelblatt et al. 1980; Schentag et al. 1979). Since this drug effect was correlated with 
increased levels of cimetidine in plasma and cerebrospinal fluid, and cimetidine is trans- 
ported by OCT1 and OCT2, decreased expression or malfunction of these transporters 
could be the reason for increased cimetidine concentrations and the associated neurologi- 
cal symptoms. Another example is lactic acidosis, which may occur as a rare but life- 
threatening side effect in type-II diabetics who are treated with biguanides such as phen- 
formin and metformin (Davidson and Peters 1997). Because of that risk, phenformin was 
withdrawn from the market in the 1970s (Kwong and Brubacher 1998); metformin, how- 
ever, is still used. In recent years, metformin has also been introduced for treatment of 
polycystic ovary syndrome (Nestler 2001; Velazquez et al. 1994). Metformin is mainly 
eliminated by glomerular filtration and tubular secretion, but part of it may be also excret- 
ed into the bile. Its antidiabetic effect is due to improved peripheral insulin sensitivity, re- 
duced glucose absorption in small intestine, and reduced glucose generation by the liver 
(Borst and Snellen 2001; Caspary and Creutzfeldt 1971; Hundal et al. 2000). The effect of 
metformin on glucose generation in hepatocytes was explained by inhibition of mitochon- 
drial complex I (El Mir et al. 2000; Owen et al. 2000). Extensive inhibition of mitochon- 
drial respiration by biguanides may cause lactic acidosis. Renal failure or impaired renal 
excretion of metformin may entail increased metformin plasma levels and thus cause lactic 
acidosis. Metformin is transported by OCT1 in rat and humans, and by OCT2 in humans 
(Dresser et al. 2002; Wang et al. 2002). In humans, lower renal expression of OCT2, mu- 
tations reducing the activity of hOCT2, or administration of metformin simultaneously 
with a drug that inhibits OCT2 in kidney but not hOCTl in the liver, may cause lactic aci- 
dosis. 

OCT transporters could play a role in carcinogenesis or may be useful for targeting of 
anticancer drugs. For example, high expression or activity of OCT1 may increase the con- 
centration of carcinogenic xenobiotics in hepatocytes. On the other hand, high expression 
of OCT1 was found in hepatocarcinomas induced by diethylnitrosamine (Lecureur et al. 
1998), and thus OCT1 could help target anticancer drugs into the carcinoma cells. To pre- 
vent renal and hepatic toxicity, the drug should not interact with OCT2 and OCT3, and 
OCT1 expressed in nontransformed hepatocytes should be downregulated. This could be 
achieved by employing differences in the regulation OCT1 in normal compared to trans- 
formed liver cells. Bile acid-conjugates of the anticancer drug cisplatin were recently 
shown to be transported substrates of human OCT1 and OCT2, in contrast to free cisplatin 
(Briz et al. 2002). These drugs may not be suitable for targeting because they are also 
transported by at least three other transporters expressed in liver (see the section entitled 
“Organic cation transport in liver and kidney”). 
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The carnitine and cation transporters of the SLC22 family 

OCTN1 

Homology screening led to the identification of four members of the SLC22 family that 
translocate the zwitterion carnitine together with Na + and/or organic cations (hOCTNl 
und hOCTN2 in Fig. 2, Tables 2, 3). OCTN1 was cloned from human, rat, and mouse (Ta- 
mai et al. 1997, 2000; Wu et al. 2000a; Yabuuchi et al. 1999). In human, OCTN1 is ex- 
pressed in kidney, skeletal muscle, placenta, prostate, heart, and lung (Tamai et al. 1997). 

Human OCTN1 (hOCTNl) transports the cations TEA, quinidine, pyrilamine, and ver- 
apamil and the zwitterion carnitine (Yabuuchi et al. 1999). Many other cations interact 
with hOCTNl, including choline, cimetidine, clonidine, nicotine, procainamide, quinine, 
the zwitterion cephaloridine, and the anions ofloxacin and levofloxacin. The data show 
that hOCTN 1 is a polyspecific transporter that may have a preference for organic cations. 
hOCTNl mediates TEA transport in either direction with an apparent K m of 0.2-0.4 mM 
in the influx mode (Tamai et al. 1997; Yabuuchi et al. 1999). Since TEA uptake by 
hOCTNl is independent from an inwardly directed Na + -gradient and from the membrane 
potential whereas an inwardly directed H + -gradient stimulates TEA efflux (Yabuuchi et al. 
1999), hOCTNl may work as an electroneutral H + /organic cation antiporter that mediates 
cellular efflux of organic cations. 

Such electroneutral H + /organic cation exchange activity is present in brush-border 
membranes of renal proximal tubules from different species (Inui et al. 1985; Jung et al. 
1989; Kinsella et al. 1979; McKinney and Kunnemann 1985; Ott et al. 1991; Sokol et al. 
1985; Takano et al. 1984; Wright 1985). We speculate that OCTN1 has a luminal location 
and is engaged in cation secretion in the proximal tubule. However, note that expression 
of hOCTN 1 in renal brush border membranes does not fully explain uptake experiments 
on human renal brush border membrane vesicles because these showed electroneutral H + / 
organic cation exchange not only for TEA, but also for NMN (Ott et al. 1991) whereas 
hOCTNl has a very low affinity for NMN. Large species differences exist with regard to 
localization and function of OCTN1. For example, OCTN1 could not be detected in liver 
from adult humans, whereas in rats, the liver is the site where hOCTN 1 is expressed most 
strongly (Wu et al. 2000a). Also, carnitine uptake by OCTN1 was Na + -dependent for 
mouse OCTN1, but not for rat OCTN1 (Tamai et al. 2000; Yabuuchi et al. 1999). 



OCTN2, OCTN3 and CT2 

OCTN2 has been cloned from human, mouse, and rat (Brooks and Krahenbiihl 2001; Nezu 
et al. 1999; Schomig et al. 1998; Sekine et al. 1998; Tamai et al. 1998, 2000; Wu et al. 
1998a). In humans, this transporter is widely expressed in tissues such as skeletal muscle, 
kidney, prostate, lung, pancreas, heart, small intestine, adrenal gland, thyroid, and some 
regions of the brain (Duran et al. 2002; Schomig et al. 1998; Sekine et al. 1998; Tamai et 
al. 1998; Wu et al. 1998a). In mouse and rat, OCTN2 could be localized to the apical 
membrane of renal tubular epithelial cells (Tamai et al. 2001). OCTN2 is a Na + /carnitine 
cotransporter with a high affinity for carnitine, but can function alternatively as a polyspe- 
cific and Na + -independent cation uniporter (Tamai et al. 1998, 2001; Wagner et al. 2000; 
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Wu et al. 1999). Na + -dependent transport of L-carnitine by OCTN2 is electrogenic and to 
some degree stereospecific (Ohashi et al. 1999; Wagner et al. 2000). 

Uptake measurements with plasma membrane vesicles isolated from HEK-293 cells 
stably expressing human OCTN2 showed that an inwardly directed Na + gradient could 
bring about an “overshoot,” i.e., the transient increase of intravesicular L-carnitine concen- 
tration beyond the final equilibrium value (Tamai et al. 2001). This phenomenon is due to 
the gradual dissipation of the Na + gradient and provides good evidence, together with the 
demonstration of electrogenicity, that hOCTN2 is a Na + -L-carnitine cotransporter. 

In uptake measurements, human OCTN2 exhibited an apparent K m for L-carnitine of 4- 
5 pM (Tamai et al. 1998; Wagner et al. 2000), and half-maximal concentrations for Na + - 
activation between 2 and 19 mM (Ohashi et al. 1999; Seth et al. 1999; Wagner et al. 
2000). Thus, OCTN2 is likely to represent the molecule responsible for the high-affinity 
Na + /L-carnitine cotransport activity observed in plasma membrane vesicles from skeletal 
muscle and in brush-border membrane vesicles from kidney and intestine (Berardi et al. 
2000; Prasad et al. 1996; Rebouche and Mack 1984; Roque et al. 1996; Stieger et al. 
1995). 

In the presence of Na + , hOCTN2 also transports short-chain acyl esters of carnitine with 
high affinity. For example, acetyl-L-carnitine is translocated by hOCTN2 with a K m of 
~8.5 pM (Ohashi et al. 1999). Acetyl-L-carnitine is of biomedical interest since it protects 
from neurotoxic effects of ammonium (Matsuoka and Igisu 1993), MPP, or l-methyl-4- 
phenyl-l,2,3,6-tetrahydropyridine (MPTP; Harik and Hritz 1993; Steffen et al. 1995). Fur- 
thermore, acetyl-L-carnitine was tested as a treatment for Alzheimer’s disease (Pettegrew 
et al. 1995). In the presence of Na + , hOCTN2 can also transport cephaloridine, a zwitteri- 
onic /3-lactam antibiotic (Ganapathy et al. 2000), as well as probably L-lysine and L-me- 
thionine, as suggested by electrophysiological assays (Wagner et al. 2000). 

Independently from Na + , OCTN2 from human, rat, and mouse are capable of translo- 
cating or interacting with various organic cations (Ohashi et al. 2001; Wu et al. 1999). 
Thus, hOCTN2 translocates the cations TEA, pyrilamine, quinidine, verapamil, and cho- 
line (Ohashi et al. 1999; Wagner et al. 2000). For TEA uptake by hOCTN2, a K m of 
~0.3 mM was determined (Ohashi et al. 2002). Carnitine uptake by hOCTN2 was compet- 
itively inhibited by TEA, and TEA uptake by hOCTN2 was competitively inhibited by 
carnitine (Ohashi et al. 2002; Seth et al. 1999). Inhibition of L-carnitine uptake via OCTN2 
in the presence of Na + was found for other organic cations or weak bases (e.g., nicotine, 
MPP, MPTP, procainamide, quinine, metamphetamine, emetine, clonidine, and cimeti- 
dine), zwitterions (cephaloridine, cefepime, and cefoselis) and noncharged compounds 
(e.g., corticosterone and aldosterone; Ganapathy et al. 2000; Ohashi et al. 1999; Wagner et 
al. 2000; Wu et al. 1998a). The IC 50 values for cephaloridine, cefepime, and cefoselis were 
0.23, 1.7, and 6.4 mM, respectively. Interestingly, Na + removal decreased the affinity for 
cephaloridine (-tenfold increase of K m ), but not for cefepime and cefoselis (Ganapathy et 
al. 2000). These data suggest that binding of carnitine and cations occurs within one bind- 
ing pocket. 

The dual function of OCTN2 as a Na + -driven cotransporter for certain zwitterions on 
the one hand, and as a Na + -independent transporter of organic cations on the other is of 
great physiologic and theoretical interest. It thus appears possible that the electrogenic 
OCTs can similarly function as Na + -driven cotransporters for hitherto unknown solutes. 
Moreover, the question arises whether Na + binds within the same binding pocket as the 
organic cations, and whether translocation of Na + occurs along the same transport path as 
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cations and/or L-carnitine; in the Na + -D-glucose cotransporter SGLT1, separate transport 
pathways in different parts of the molecule have been proposed for Na + and glucose 
(Wright et al. 1998). 

Because OCTN2 is present in the brush border membrane of renal proximal tubules in 
rat and mouse (Tamai et al. 2001), and mouse OCTN2 can translocate organic cations in 
either directions, and there is fra;is-stimulation of carnitine uptake by TEA as well as of 
TEA efflux by carnitine (Ohashi et al. 2001), it is likely that OCTN2 participates in ab- 
sorption and secretion of organic cations in small intestine and kidney (Fig. 6). Tsuji and 
coworkers demonstrated significant contribution of OCTN2 to the renal excretion of TEA 
by measuring the excretion and tissue distribution of intravenously injected 14 C TEA in 
control mice and juvenile visceral steatosis (/vs)- mice that suffer from a homozygous loss- 
of-function mutation of OCTN2 (Hashimoto et al. 1998; Lu et al. 1998; Nezu et al. 1999; 
Ohashi et al. 2001; Yokogawa et al. 1999). Secretion of TEA was reduced by 50% in jvs 
mice as compared to controls, and accumulation of TEA in the kidney was increased by 
150% (Ohashi et al. 2001). Similar studies in healthy and affected humans might help to 
elucidate the role of OCTN2 in the human physiology of organic cation handling. 

The transporters OCTN3 and CT2 belong to the same subgroup of the SLC22 family as 
OCTN1 and OCTN2 (Fig. 2). OCTN3 was found only in mice (Tamai et al. 2000) where 
it is expressed in testis and kidney. Mouse OCTN3 translocates L-carnitine with an appar- 
ent K m of 3 pM, i.e., with an affinity seven times higher than mouse OCTN2. In contrast 
to OCTN2 from different species including mouse, OCTN3 could transport carnitine inde- 
pendently from Na + . Given that carnitine uptake by OCTN3 was not inhibited by 0.5 mM 
choline, and inhibited only by 54% by 0.5 mM TEA, OCTN3 appears less relevant quanti- 
tatively for organic cation transport than OCTN1 and OCTN2. 

CT2 is another high-affinity carnitine transporter that has been identified in human 
(Enomoto et al. 2002b). Apart from several amino acids in the N-terminal part of the pro- 
tein, CT2 is identical to a gene product named OCT6 found in hematopoietic cells (Gong 
et al. 2002). CT2 is expressed in the testis by Sertoli cells, and by epithelial cells of the 
epididymal ducts (Enomoto et al. 2002b). CT2 mRNA is further expressed in fetal liver, 
bone marrow, leukocytes, and some leukemic cell lines (Gong et al. 2002). CT2 has a 
higher substrate selectivity than OCT1-3 and OCTN1 and -2 insofar as it interacts with 
carnitine and betaine, but not with TEA and several organic anions (Enomoto et al. 
2002b). CT2 can translocate carnitine in either direction across the plasma membrane and 
may thus contribute to the transepithelial transport of carnitine in the epididymis. 



Systemic carnitine deficiency and mutations in OCTN2 

“Primary systemic carnitine deficiency” (SCD) is a recessively inherited disorder of mito- 
chondrial fatty acid oxidation that is caused by a defect of cellular carnitine uptake (Kar- 
pati et al. 1975; Kerner and Hoppel 1998; Tein et al. 1990; Treem et al. 1988). Because 
intracellular carnitine is required for transferring long-chain fatty acids from the cytosol 
into the micochondria, the lack of carnitine interferes with the ability to fuel metabolism 
via the oxidation of fatty acids; this ability is of particular importance during fasting and 
stress. Early in life, SCD may cause acute hypoketotic hypoglycemia, Reye syndrome (en- 
cephalopathy with hyperammonemia) and sudden infant death. Later manifestations of 
SCD include cardiomyopathy and progressive skeletal weakness (Karpati et al. 1975; 
Stanley et al. 1991). 
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Shortly after OCTN2 was identified, several groups reported homozygous nonsense or 
missense mutations of the hOCTN2 gene in patients suffering from SCD (Burwinkel et al. 
1999; Koizumi et al. 1999; Lamhonwah et al. 2002; Mayatepek et al. 1999; Nezu et al. 
1999; Tang et al. 1999; Vaz et al. 1999; Wang et al. 1999, 2000a, 2000b, 2001). Moreover, 
it was shown that SCD in jvs mice was caused by a mutation in the OCTN2 gene (Hashi- 
moto et al. 1998; Lu et al. 1998; Nezu et al. 1999; Yokogawa et al. 1999). These mice suf- 
fer from a carnitine transport defect (Horiuchi et al. 1992, 1994; Kuwajima et al. 1991; Lu 
et al. 1998) that causes symptoms such as lipid accumulation in the liver [hence the name 
“juvenile visceral steatosis,” or jvs (Hayakawa et al. 1990; Koizumi et al. 1988)], cardiac 
hypertrophy, hypoglycemia, and hyperammonemia (Horiuchi et al. 1993; Tomomura et al. 
1992). 

To discuss structure-function relationships in OCTN2 together with other transporters 
of the SLC22 family with known mutants, we compiled the mutations of hOCTN2 togeth- 
er with those of OCT1, OAT1, and OAT3 (Fig. 4). Mutations that cause large decreases of 
carnitine and/or organic cation transport are lined in yellow. Such mutations occurred in 
almost all parts of the proteins, including the large extracellular and intracellular loops and 
TMD 4 (H. Koepsell et al., unpublished data). Since it is usually not known whether the 
mutants are properly targeted to the plasma membrane, decreased transport rates do not 
necessarily indicate an involvement of the respective amino acid in transport function. 
These mutations may specifically disturb targeting or regulation or may induce gross 
structural changes that alter targeting, regulation, and/or transport. Interestingly, some mu- 
tations in the TMDs 4 and 1 1 of OCTN2 have been shown to specifically affect transport 
function (Fig. 4, green amino acids). Mutations of tyrosine 211 in the TMD 4 and serine 
469 and proline 478 in the TMD 1 1 lead to an inhibition of carnitine transport without af- 
fecting the transport of TEA (Ohashi et al. 2002; Seth et al. 1999). Since it has been shown 
that mutations in corresponding or nearby positions of rOCTl, fOATl, and rOAT3 chan- 
ged the substrate selectivity of these transporters (see Fig. 4, H. Koepsell, unpublished 
data), it can be concluded that TMDs 4 and 1 1 contribute to the substrate binding sites of 
the OCTs, OATs, and OCTNs. In addition, the data support the concept that carnitine and 
cations bind within the same binding pocket of the OCTNs; this view is also supported by 
the mutual competitive inhibition of carnitine and TEA transport by TEA and carnitine, 
respectively (Ohashi et al. 2002; Seth et al. 1999). 

The highly conserved intracellular loop between the proposed tenth and 1 1th TMD (see 
Fig. 1) is thought to mediate long-range conformational changes during Na + carnitine co- 
transport by OCTN2, and may play an important role in substrate translocation by OCT 
and OAT transporters. Longo and coworkers observed that the mutation of glutamate 452 
to lysine in hOCTN2 decreased Na + -dependent carnitine cotransport considerably without 
changing targeting of the protein to the plasma membrane (Wang et al. 2000b, 2000c). In- 
terestingly, the half maximal value for Na + activation of carnitine transport was increased 
to 187 mM as compared to 12 mM in wild type (Wang et al. 2000c), whereas the V max was 
not changed. Since the Na + activation of the Glu452Lys mutant was biphasic the authors 
hypothesized that Glu452 may be involved in coupling energetically the binding of Na + to 
a conformational change from the outwardly to the inwardly directed conformation of the 
substrate binding site. Because Glu452 and four additional amino acids in the intracellular 
loop between the TMD 10 and TMD 11 are conserved between all members of the SLC22A 
family, this loop may also play an important role in facilitated diffusion via OCTs. 
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Overlap between substrate specificities of OCTs and/or OCTNs 
with other polyspecific transporters 

Physiology and biomedical relevance of the organic cation transporters of the OCT and 
OCTN families has been difficult to assess because there is no simple one-to-one relation- 
ship between transporter and substrates: on the one hand, these transporters are promiscu- 
ous and transport multiple cation species; on the other hand, their individual contribution 
may be hard to dissect out in a cellular environment that often contains other transporters 
with similar substrate selectivity. Transporters that translocate organic cations are found in 
the SLC22 family, but also in other transporter families. 



Transport of cimetidine by OAT3 

One example is the organic anion transporter OAT3 which belongs to a subgroup of the 
SLC22 family, together with the polyspecific organic anion transporters OAT1 through 
OAT4 and URAT1 (see Table 2 and Fig. 3). OAT1 through OAT4 translocate various or- 
ganic anions, including endogenous compounds (e.g., para-aminohippurate, a-ketogluta- 
rate, cAMP, cGMP, folic acid, prostaglandins, and urate), drugs (e.g., acetylsalicylate, sal- 
icylate, indomethacin, mefenamic acid, methrotrexate, estrone sulfate, dehydroepiandros- 
terone sulfate), and xenobiotics (e.g., ochratoxin; Burckhardt and Wolff 2000; Dresser et 
al. 2001; Khamdang et al. 2002; Sekine et al. 2000; Sweet and Pritchard 1999b). URAT1 
translocates urate and nicotinate and is inhibited by structurally different anions, such as 
bumetanide, benzbromarone and losartane (Enomoto et al. 2002a). While OAT1, OAT3, 
and URAT1 may operate as anion/anion exchangers, the transport modes of OAT2 and 
OAT4 are unclear (Cha et al. 2000, 2001; Enomoto et al. 2002a; Kusuhara et al. 1999; 
Sekine et al. 1997; Sweet et al. 2003). In humans, OATs 1 through OAT4 and URAT1 are 
expressed in kidney (Cha et al. 2000, 2001; Hosoyamada et al. 1999; Sun et al. 2001). 
OAT1 and OAT3 were localized to the basolateral membranes of renal proximal tubules 
(Cha et al. 2001; Hosoyamada et al. 1999; Jung et al. 2001; Motohashi et al. 2002), where- 
as URAT1 was found in the brush-border membranes (Enomoto et al. 2002a). 

The weak base cimetidine is transported by hOCT2 and hOAT3 (Barendt and Wright 
2002; Cha et al. 2001). At physiological pH of 7.4, 75% of cimetidine is uncharged (p/f a 
of 6.9), and only 25% of it carries a positive charge. At this pH, hOCT2 and hOAT3 ex- 
hibit apparent K m values for cimetidine of 8.6 pM and 57 pM, respectively. Considering 
that cationic cimetidine is the preferred substrate of hOCT2 (Barendt and Wright 2002), 
whereas data from flounder OAT1 suggest that OAT1 prefers uncharged cimetidine (Bur- 
ckhardt et al. 2003), it is reasonable to assume that basolateral uptake of cimetidine in vivo 
is mediated mainly by hOCT2. An increased contribution of hOAT3 to renal cimetidine 
uptake would be expected during alkalosis, in the presence of inhibitors of hOCT2, or in 
genetic disorders that affect hOCT2 function. 



Cation transport by members of the SLC21 family 

The members of the SLC21 family are poly specific transporters that may translocate cer- 
tain organic cations (Hagenbuch and Meier 2003). This family was also named organic 
anion-transporting polypeptide (OATP) family because it comprises polyspecific trans- 
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porters that mainly translocate organic anions (for review, see Hagenbuch and Meier 
2003). In humans, nine subtypes of this family were cloned, namely PGT (HGNC gene 
symbol: SLC21A2), OATP-A ( SLC21A3 ; also called OATP or OATP1), OATP-C 
(SLC21A6; also called LST-1 or OATP2 or OATP6), OATP8 ( SLC21A8 ; also called LST- 
2), OATP-B ( SLCA9 ; also called OATP-RP2), OATP-D (, SLC21A11 ; also called OATP- 
RP3), OATP-E ( SLC21A12 ; also called OATP-RP1), OATP-F ( SLC21A14 ; also called 
OATP-RP5), and OATP-J ( SLC21A15 ; also called OATP-RP4). 

The transporters of the SLC21 family contain 12 predicted membrane-spanning a-he- 
lices with one large loop between TMD 9 and 10 (Hagenbuch and Meier 2003). The first 
transporter of this family to be cloned was Oatpl from rat liver ( Slc21al ), which was orig- 
inally described as Na + -independent uptake system for bromosulphthalein (BSP) and tau- 
rocholate (Jacquemin et al. 1994; Shi et al. 1995). Later, it became apparent that Oatpl is 
a polyspecific transporter for amphipathic organic compounds including bile salts (Eck- 
hardt et al. 1999; Kullak-Ublick et al. 1994; Reichel et al. 1999), steroid hormones and 
their conjugates (Eckhardt et al. 1999; Kanai et al. 1996a, 1996b; Reichel et al. 1999), thy- 
roid hormones (Friesema et al. 1999), a number of drugs (Jung et al. 2001), and organic 
cations such as A-(4.4-azo-n-pentyl)-21-deoxy (APD)-ajmalinium, (V- methyl-quinine, N- 
methyl-quinidine, and rocuronium (Bossuyt et al. 1996; van Montfoort et al. 1999). A sim- 
ilarly broad substrate specificity was found for the human transporters OATP-A 
(, SLC21A3 ), OATP-C ( SLC21A3 ), and OATP8 ( SLC21A8 ) (Hagenbuch and Meier 2003). 

As to the human OATP transporters, cation transport could be demonstrated using N- 
methylquinine for OATP-A, but not for OATP-B, OATP-C, or OATP8 (Kullak-Ublick et 
al. 2001). OATP-A was cloned from human liver and shows 67% amino acid identity with 
Oatpl (Kullak-Ublick et al. 1995). Similar to Oatpl, OATP-A transports /V-methylquinine, 
A-methyl-quinidine, ADP-ajmalinium and rocuronium, with K m values of 26 pM and 
5 pM for A-methylquinine and (V-methyl-quinidine, respectively (van Montfoort et al. 
1999, 2001). Northern blots demonstrated the expression of OATP-A in brain, kidney, liv- 
er, lung, and testis (Kullak-Ublick et al. 1995). In liver, OATP-A protein was localized to 
the sinusoidal membrane of hepatocytes (Kullak-Ublick et al. 1996, 1997). There, OATP- 
A works in parallel with other organic ion transporters including OATP-B, OATP-C, and 
OAT8 (Kullak-Ublick et al. 2001). Although these transporters do not interact with N- 
methyl-quinindine, it is possible that they accept some other cations as substrates. 



Organic cation transport by the ABC transporter MDR1 

The human ABC transporter P-glycoprotein or MDR1 ( ABCB1 ) is a polyspecific trans- 
porter for hydrophobic solutes including organic cations (Gottesman and Pastan 1993; 
Higgins 1992; Meijer et al. 1997; Sakaeda et al. 2002). MDR1 is infamous for inducing 
resistance to anticancer drugs in cancer cells, but is found as well in healthy tissues includ- 
ing liver, kidney, small and large intestine, brain, testis, skeletal muscle, placenta, and ad- 
renals. The transporter is located at the luminal membrane of small intestinal and renal 
proximal epithelial cells, and in the biliary membrane of hepatocytes (Thiebaut et al. 
1987, 1989). MDR1 is a primary active transporter which pumps — driven by ATP hydrol- 
ysis — compounds of various structure and hydrophobicity out of cells. Water soluble sub- 
strates are taken up directly from the cytosol, whereas hydrophobic substrates first parti- 
tion into the plasma membrane and then enter the transporter from the lipid phase (Higgins 
and Gottesman 1992). 
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Both extra- and intracellular compounds may be substrates of MDR1. In tumor cells, 
brain capillaries, or small intestine, MDR1 protects the cells, the brain, or the whole body, 
from xenobiotics that passively permeate the plasma membrane. On the other hand, 
MDR1 mediates the second step in the hepatic and renal excretion of xenobiotics, drugs, 
and endogenous compounds that have been taken up by transporters in the sinusoidal 
membrane of hepatocytes and basolateral membrane of renal proximal tubules. The sub- 
strate specificity of MDR1 is extremely broad. This fact was first realized after the obser- 
vation of crossresistance: exposure of cancer cells to a cystostatic compound that is a sub- 
strate of MDR1 induces overexpression of the transporter and thus makes it potentially re- 
sistant to all other substrates of MDR1 (Gottesman and Pastan 1993). 

Transport by MDR1 was studied in cells overexpressing MDR1 such as Caco-2 cells 
(Tanigawara et al. 1992; Ueda et al. 1992). Substrates may also stimulate ATP hydrolysis 
by reconstituted MDR1 and may be identified by this property (Ambudkar et al. 1992). 
Recently, the physiological role of MDR1 for excretion of digoxin could be demonstrated 
after identification of a mutation that is correlated with a reduced expression of the trans- 
porter (Hoffmeyer et al. 2000). 

MDR1 translocates and/or binds a large variety of exogenous and endogenous com- 
pounds. It transports, for example, anticancer, antiarrhythmic, antihypertensive, anticho- 
linergic, antidepressant and antihistamic drugs, cardiotonic drugs, HIV protease inhibitors, 
/J-adrenergic receptor blockers, Ca ++ -channel blockers, antimalaria, antifungal, and anti- 
helminthic agents, and steroids (Meijer et al. 1997; Sakaeda et al. 2002). A number of cat- 
ionic drugs is transported by both MDR1 and hOCTl, or by MDR1 and hOCT2, and may 
be secreted in vivo by the combined action of the respective transporters. Examples for 
common substrates of MDR1 and human OCTs are quinidine, verapamil, cimetidine, de- 
brisoquine, acyclovir, and ganciclovir (Table 3; Sakaeda et al. 2002). 

Targeted disruption of P-glycoproteins in mice greatly helped to understand the physio- 
logical roles of MDR1. While the human P-glycoprotein is encoded by MDR1, murine P- 
glycoproteins are encoded by the genes mdrla and mdrlb (Buschman et al. 1992; Croop 
et al. 1989). For this reason, double knock-out mice with the mdrla and mdrlb genes dis- 
rupted simultaneously were used to study the function of MDR1 (Smit et al. 1998). In 
these mice, hepatobiliary secretion of the small cations tributylmethylammonium (TBu- 
MA) and azidoprocainamide metho-iodide (APM) was reduced by 70% compared to con- 
trol mice (Smit et al. 1998). Since TbuMA and APM are transported substrates of OCT1 
from rat and human (van Montfoort et al. 2001) and are probably transported by MDR1, 
biliary excretion of these compounds may be due to a combined action of OCT1 and 
MDR1. 



Organic cation transport in liver and kidney 

Liver 

With most transporters for organic cations now being identified and partially character- 
ized, the need to understand how they work in various cells and tissues becomes apparent. 
Unfortunately, our knowledge concerning cellular and subcellular distribution of human 
cation transporters, their regulation, and their driving forces is still fragmentary. Using the 
hepatocyte and the renal proximal epithelial cell as examples, we will discuss how differ- 
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Fig. 5 Transport systems for or- 
ganic cations in plasma mem- 
branes of human hepatocytes. 
System A and system B have 
been functionally identified by 
transport measurements in mem- 
brane vesicles isolated from hu- 
man hepatocytes. They differ in 
substrate specificity 



canalicular 




ent organic cation transporters may influence intracellular concentration and transcellular 
movements of organic cations. 

Organic cations absorbed in small intestine directly reach the liver via the portal vein. 
In contrast, compounds administered intravenously first distribute within the systemic cir- 
culation and then enter kidney and liver. Figure 5 shows the cation transport systems of 
the hepatocyte that have been identified on the molecular (OCT1, OATP-A, MDR1, 
ThTrl, ThTr2) or functional level (A, B in Fig. 5; Moseley et al. 1992a). The organic cat- 
ion transporter 3 (OCT3) is highly expressed in human liver, but not indicated in Fig. 5 
because its membrane localization is not known. 

Uptake of organic cations across the sinusoidal membrane is mainly mediated by the 
poly specific transporter OCT1. This transporter accepts small hydrophilic cations but is 
also able to translocate more bulky hydrophobic cations which may be common substrates 
with MDR1. At the sinusoidal membrane, some organic cations may be taken up by the 
organic anion polypeptide OATP-A or by a H + /organic cation exchanger (A in Fig. 5). In 
rat, H + /organic cation exchangers with different substrate specificities have been identified 
in the sinusoidal and canalicular plasma membrane (Moseley et al. 1990, 1992a). The si- 
nusoidal membrane also contains electroneutral H + /thiamine antiporters, possibly identical 
with ThTrl and ThTr2. Since H + /thiamine exchange by ThTrl exhibits a K m of 0.6 pM for 
thiamine (Table 1), ThTrl may be the molecular correlate of the high-affinity thiamine 
transport that was identified on the functional level in rat hepatocytes (Yoshioka 1984). 
The second human thiamine transporter ThTr2 (Table 1) may be the molecular correlate 
of the H + /thiamine antiport with an apparent K m of 30 pM that was detected by functional 
assays in the sinusoidal membrane of rat hepatocytes (Moseley et al. 1992b). 
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The canalicular membrane of human hepatocytes contains two transporters that translo- 
cate organic cations, MDR1 and a H + /organic cation antiporter that has been functionally 
characterized in rat (Moseley et al. 1992a). 

Taken together, these data suggest that several transport systems in the sinusoidal mem- 
brane are involved in the uptake of organic cations. Although OCT1 may be most impor- 
tant for the uptake of small organic cations, another H + /organic cation antiporter of un- 
known molecular identity, OCT3, and/or OATP-A may be involved as well. Furthermore, 
two Fl + /thiamine antiporters mediate high affinity uptake of thiamine. Sinusoidal uptake of 
more hydrophobic and bulky cations may be achieved either via OCT1 or OATP-A. It is 
possible that additional members of the SLC21 and SLC22 families are involved. 

A H + /organic cation antiporter and MDR1 are responsible for the extrusion of organic 
cations across the canalicular membrane into the bile. Smaller, more hydrophilic cations 
are thought to be extruded apically by the H + /organic cation antiporter, whereas MDR1 
may be responsible for the extrusion of more hydrophobic cations. Endogenous cations 
such as choline and drugs can leave the hepatocytes at the sinusoidal membrane. Since the 
OCTs can mediate electrogenic cation transport in either direction (see the section entitled 
“The electrogenic organic cation transporters OCT1, OCT2 and OCT3”), sinusoidal efflux 
of organic cations may well occur via OCT1. A better understanding of cation efflux via 
OCTs, including the identification of potential symport or antiport of small ions, is neces- 
sary to understand this process. 



Kidney 

The kidney is the most important organ for the excretion of small organic cations (Koep- 
sell et al. 1999). Small organic cations are filtered freely in the glomeruli. In the proximal 
tubule, either partial reabsorption or further secretion may follow. Ultrafiltration occurs 
readily for hydrophilic cations, but is not efficient for cations that are bound to plasma 
proteins. Many endogenous organic cations, cationic drugs and xenobiotics belong to this 
latter group. For some cations bidirectional transport in the nephron has been demonstra- 
ted. For example, in rat kidney choline is secreted at high plasma concentrations, whereas 
it is reabsorbed at normal plasma concentrations below 25 pM (Acara and Rennick 1973; 
Besseghir et al. 1981). In humans, the first step in tubular cation secretion, i.e., organic 
cation uptake across the basolateral membrane, is virtually exclusively mediated by OCT2 
(Fig. 6). A splice variant of hOCT2, hOCT2A, showed low activity in vitro (Urakami et 
al. 2002); nonetheless, hOCT2A may contribute to basolateral uptake if it is present in that 
membrane. OAT3 transports mainly cimetidine (see the section entitled “Overlap between 
substrate specificities of OCTs and/or OCTNs with other polyspecific transporters”), but 
also several weak bases and permanent organic cations; it may thus be another contributor 
to basolateral organic cation uptake. 

The second step in organic cation secretion, i.e., extrusion across the brush-border 
membrane into the lumen of the renal tubule, may be mediated by four different transport 
systems: two H + /organic cation antiporters, the Na + /carnitine cotransporter OCTN2, and 
MDR1. The H + /organic cation antiporters include OCTN1, which does not interact with 
NMN (Yabuuchi et al. 1999), and a H + /organic cation antiporter of unknown molecular 
identity which does translocate NMN (Ott et al. 1991). Cation efflux across the brush-bor- 
der may be also mediated by the Na + -camitine cotransporter hOCTN2 which has been 
shown to translocate organic cations into cells. hOCTN2 is probably symmetric with re- 
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Fig. 6 Transport systems for or- 
ganic cations in plasma mem- 
branes of human renal proximal 
tubules. Systems B and C have 
not been demonstrated in human 
proximal tubules. Their existence 
is hypothesized since these sys- 
tems have been functionally 
demonstrated in proximal tubules 
from rat and rabbit. System B 
may be identical to system B in 
Fig. 5 




spect to organic cation transport, and organic cation efflux via murine OCTN2 is trans- 
stimulated in the presence of Na + (Ohashi et al. 2001). MDR1 in the brush-border mem- 
brane may be responsible for efflux of bulky hydrophobic organic cations. 

The first step in the reabsorption of small hydrophilic organic cations — cation uptake 
across the luminal membrane — is probably mediated by an electrogenic and polyspecific 
cation transport system (Fig. 6, system C) that has been characterized in rat and was pri- 
marily regarded as a choline transporter (Takano et al. 1993; Ullrich and Rumrich 1996; 
Wright et al. 1992). The second step in cation reabsorption — the efflux across the basolat- 
eral membrane — may be mediated by OCT2. This transporter is able to translocate cations 
in both directions, and the opposing effects of the inside-negative membrane potential 
may be neutralized if the transporter can operate in an electroneutral cation/cation ex- 
change mode; this mode would imply the presence of some other organic cation substrate 
on the extracellular side. 



Conclusions 

After identifying most of the plasma membrane transporters involved in absorption and 
excretion of organic cations, the present challenge is to achieve a comprehensive under- 
standing of cation transport in human by cloning the last transporters missing, by filling 
the multiple white spots on our map with respect to their tissue distribution and membrane 
localization, and by clarifying their molecular transport mechanisms. Since substrate and 
inhibitor specificities of many cloned transporters are known in some detail, specific in- 
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hibitors are available that allow analysis of individual transporters in vivo. Such studies 
are required to define the contribution of individual transporters to the absorption, secre- 
tion, and tissue distribution of specific drugs in a complex biological setting where multi- 
ple, different cation transporters of overlapping substrate specificity are often found within 
the same membrane. The importance of the “team work” between basolateral and luminal 
transporters in renal proximal tubules or hepatocytes is obvious; in order to study such in- 
tegrated cellular processes in further detail, it may be promising to generate polarized eu- 
karyotic cell lines that express the various combinations of transporters in the appropriate 
subcellular sites. Monolayers of such cells would be suitable to test drugs (or candidate 
compounds) for their putative renal and hepatic excretion, and to screen for drug-drug in- 
teractions at the transporters. 

The identification of single nucleotide polymorphisms (SNPs) in human organic cation 
transporters that result in decreased expression or impaired function could make possible 
the timely identification of persons that are at risk for certain adverse drug reactions, par- 
ticularly so when the list of known and characterized polymorphisms in organic cation 
transporters has become more complete. In this context, the potential identification of 
genotypes associated with spontaneous (i.e., not induced by an exogenous compound) 
functional changes or diseases may help to define the physiological role of these trans- 
porters. 

The structural underpinnings of the unique functional properties exhibited by the trans- 
porters of the SLC22 family remain a challenge and promise insights of considerable theo- 
retical relevance. Firstly, what is the structural basis for substrate recognition in such 
polyspecific transporters? Secondly, are there leak permeabilities, e.g., for small inorganic 
cations or anions, or may small inorganic anions or cations be cotransported together with 
the organic substrates? Thirdly, which are the structural features that turn some SLC22 
transporters into an anion/anion exchanger (e.g., the OAT transporters), as opposed to fa- 
cilitated diffusion (e.g., the OCT transporters)? Fourthly, which are the structural features 
that turn other SLC22 transporters into a Na + -driven cotransporter (e.g., OCTN2)? These 
questions can be addressed by further site-directed mutagenesis studies in combination 
with detailed functional analysis of the mutants. Herein, much information is lost (or, be- 
cause of the uncontrolled effects of membrane potential, sometimes even distorted) when 
function is studied mainly by isotope uptake assays; rather, the full repertoire of biochemi- 
cal and biophysical techniques should be applied to these transporters. Membrane topolo- 
gy of the transporters (currently mainly based on predictions from the primary amino acid 
sequence) should be determined empirically, as well as the question of whether these 
transporters exist as functional or structural oligomers. Ultimately, 2D and 3D crystals and 
high-resolution tertiary structures could make invaluable contributions to a deeper under- 
standing of organic cation transporters. 



References 

Acara M. Rennick B (1973) Regulation of plasma choline by the renal tubule: bidirectional transport of 
choline. Am J Physiol 225:1123-1128 

Akaike N, Yatani A, Nishi K. Oyama Y, Kuraoka S (1984) Permeability to various cations of the voltage- 
dependent sodium channel of rat single heart cells. J Pharmacol Exp Ther 228:225-229 

Ambudkar SV, Lelong IH, Zhang J, Cardarelli CO, Gottesman MM, Pastan I (1992) Partial purification and 
reconstitution of the human multidrug-resistance pump: characterization of the drug-stimulatable ATP 
hydrolysis. Proc Natl Acad Sci USA 89:8472-8476 



78 



Rev Physiol Biochem Pharmacol (2003) 150:36-90 



Apparsundaram S, Ferguson SM, George AL Jr, Blakely RD (2000) Molecular cloning of a human, hemi- 
cholinium-3-sensitive choline transporter. Biochem Biophys Res Commun 276:862-867 
Apparsundaram S, Ferguson SM, Blakely RD (2001) Molecular cloning and characterization of a murine 
hemicholinium-3-sensitive choline transporter. Biochem Soc Trans 29:711-716 
Arndt P, Volk C, Gorboulev V, Budiman T, Popp C, Ulzheimer-Teuber I, Akhoundova A, Koppatz S, Bam- 
berg E, Nagel G, Koepsell H (2001) Interaction of cations, anions, and weak base quinine with rat re- 
nal cation transporter rOCT2 compared with rOCTl. Am J Physiol Renal Physiol 281:F454-F468 
Bahn A, Prawitt D, Buttler D, Reid G, Enklaar T, Wolff NA, Ebbinghaus C, Hillemann A, Schulten H-J, 
Gunawan B, Fuzesi L, Zabel B, Burckhardt G (2000) Genomic structure and in vivo expression of the 
human organic anion transporter 1 (hOATl) gene. Biochem Biophys Res Commun 275:623-630 
Barendt WM, Wright SH (2002) The human organic cation transporter (hOCT2) recognizes the degree of 
substrate ionization. J Biol Chem 277:22491-22496 

Bengel D, Murphy DL, Andrews AM, Wichems CH, Feltner D, Heils A, Mossner R, Westphal H, Lesch K- 
P (1998) Altered brain serotonin homeostasis and locomotor insensitivity to 3,4-methylene- 
dioxymethamphetamine (“Ecstasy”) in serotonin transporter-deficient mice. Mol Pharmacol 53:649- 
655 

Berardi S, Stieger B, Hagenbuch B, Carafoli E, Krahenbiihl S (2000) Characterization of L-carnitine trans- 
port into rat skeletal muscle plasma membrane vesicles. Eur J Biochem 267:1985-1994 
Besseghir K, Pearce LB, Rennick B (1981) Renal tubular transport and metabolism of organic cations by 
the rabbit. Am J Physiol Renal Physiol 241:F308-F314 
Blakely RD, De Felice LJ, Hartzell HC (1994) Molecular physiology of norepinephrine and serotonin trans- 
porters. J Exp Biol 196:263-281 

Borowsky B, Hoffman BJ (1995) Neurotransmitter transporters: molecular biology, function, and regula- 
tion. Int Rev Neurobiol 38:139-199 

Borst SE, Snellen H G (2001) Metformin, but not exercise training, increases insulin responsiveness in skel- 
etal muscle of Sprague-Dawley rats. Life Sci 69:1497-1507 
Bossuyt X, Muller M, Hagenbuch B, Meier PJ (1996) Polyspecific steroid and drug clearance by an organic 
anion transporter of mammalian liver. J Pharmacol Exp Ther 276:891-896 
Bowman HM, Hook JB (1972) Sex differences in organic ion transport by rat kidney. Proc Soc Exp Biol 
Med 141:258-262 

Bravo D, Parsons S M (2002) Microscopic kinetics and structure-function analysis in the vesicular acetyl- 
choline transporter. Neurochem Int 41:285-289 

Briz O, Serrano MA, Rebollo N, Hagenbuch B, Meier PJ, Koepsell H, Marin JJG (2002) Carriers involved 
in targeting the cytostatic bile acid-cisplatin derivatives cis-diammine-chloro-cholylglycinate-plati- 
num(II) and cis- diammine-bisursodeoxycholate-platinum(II) toward liver cells. Mol Pharmacol 
61:853-860 

Brooks H, Krahenbiihl S (2001) Identification and tissue distribution of two differentially spliced variants 
of the rat carnitine transporter OCTN2. FEBS Lett 508:175-180 
Bruss M, Kunz J, Lingen B, Bonisch H (1993) Chromosomal mapping of the human gene for the tricyclic 
antidepressant-sensitive noradrenaline transporter. Hum Genet 91:278-280 
Bryan-Lluka LJ, Westwood NN, O’Donnell SR (1992) Vascular uptake of catecholamines in perfused lungs 
of the rat occurs by the same process as uptake 1 in noradrenergic neurones. Naunyn Schmiedebergs 
Arch Pharmacol 345:319-326 

Budiman T, Bamberg E, Koepsell H, Nagel G (2000) Mechanism of electrogenic cation transport by the 
cloned organic cation transporter 2 from rat. J Biol Chem 275:29413-29420 
Burckhardt BC, Brai S, Wallis S, Krick W, Wolff NA, Burckhardt G (2003) Transport of cimetidine by 
flounder and human renal organic anion transporter 1. Am J Physiol Renal Physiol 284:F503-F509 
Burckhardt G, Wolff NA (2000) Structure of renal organic anion and cation transporters. Am J Physiol Re- 
nal Physiol 278:F853-F866 

Burwinkel B, Kreuder J, Schweitzer S, Vorgerd M, Gempel K, Gerbitz K-D, Kilimann MW (1999) Carni- 
tine transporter OCTN2 mutations in systemic primary carnitine deficiency: a novel Argl69Gln muta- 
tion and a recurrent Arg282ter mutation associated with an unconventional splicing abnormality. Bio- 
chem Biophys Res Commun 261:484-487 

Busch AE, Quester S, Ulzheimer JC, Waldegger S, Gorboulev V, Arndt P, Lang F, Koepsell H (1996a) 
Electrogenic properties and substrate specificity of the poly specific rat cation transporter rOCTl . J 
Biol Chem 271:32599-32604 

Busch AE, Quester S, Ulzheimer J C, Gorboulev V, Akhoundova A, Waldegger S, Lang F, Koepsell H 
(1996b) Monoamine neurotransmitter transport mediated by the poly specific cation transporter rOCTl. 
FEBS Lett 395:153-156 



Rev Physiol Biochem Pharmacol (2003) 150:36-90 



79 



Busch AE, Karbach U, Miska D, Gorboulev V, Akhoundova A, Volk C, Amdt P, Ulzheimer J C, Sonders 
M S, Baumann C, Waldegger S, Lang F, Koepsell H (1998) Human neurons express the polyspecific 
cation transporter hOCT2, which translocates monoamine neuro transmitters, amantadine, and meman- 
tine. Mol Pharmacol 54:342-352 

Buschman E, Arced RJ, Croop J M, Che M, Arias IM, Housman DE, Gros P (1992) Mdr2 encodes P-gly- 
coprotein expressed in the bile canalicular membrane as determined by isoform-specific antibodies. J 
Biol Chem 267:18093-18099 

Bzoskie L, Blount L, Kashiwai K, Tseng YT, Hay WW, Jr., Padbury JF (1995) Placental norepinephrine 
clearance: in vivo measurement and physiological role. Am J Physiol 269:E145-E149 
Bzoskie L, Blount L, Kashiwai K, Humme J, Padbury JF (1997) The contribution of transporter-dependent 
uptake to fetal catecholamine clearance. Biol Neonate 71: 102-1 10 
Calabresi P, Centonze D, Bemardi G (2000) Electrophysiology of dopamine in normal and denervated stri- 
atal neurons. Trends Neurosci 23:S57-S63 

Cargill M, Altshuler D, Ireland J, Sklar P, Ardlie K, Patil N, Lane CR, Lim EP, Kalyanaraman N, Nemesh 
J, Ziaugra L, Friedland L, Rolfe A, Warrington J, Lipshutz R, Daley GQ, Lander ES (1999) Character- 
ization of single-nucleotide polymorphisms in coding regions of human genes. Nat Genet 22:231-238 
Caspary WF, Creutzfeldt W (1971) Analysis of the inhibitory effect of biguanides on glucose absorption: 
inhibition of active sugar transport. Diabetologia 7:379-385 
Catravas JD, Gillis CN (1980) Pulmonary clearance of [ 14 C]-5-hydroxytryptamine and [ 3 H] norepinephrine 
in vivo: effects of pre treatment with imipramine or cocaine. J Pharmacol Exp Ther 213: 120-127 
Cetinkaya I, Ciarimboli G, Yalcinkaya, G, Mehrens T, Velic A, Hirsch JR, Gorboulev V, Koepsell H, 
Schlatter E (2003) The human organic cation transporter hOCT2 is regulated by Ca 2+ /calmodulin-, 
cAMP- and phosphatidylinositol-3-dependent kinases. Am J Physiol Renal Physiol 284: F293-F302 
Cha SH, Sekine T, Kusuhara H, Yu E, Kim JY, Kim DK, Sugiyama Y, Kanai Y, Endou H (2000) Molecular 
cloning and characterization of multispecific organic anion transporter 4 expressed in the placenta. J 
Biol Chem 275:4507^1512 

Cha SH, Sekine T, Fukushima J-I, Kanai Y, Kobayashi Y, Goya T, Endou H (2001) Identification and char- 
acterization of human organic anion transporter 3 expressing predominantly in the kidney. Mol Phar- 
macol 59:1277-1286 

Chen JJ, Li Z, Pan H, Murphy DL, Tamir H, Koepsell H, Gershon MD (2001) Maintenance of serotonin in 
the intestinal mucosa and ganglia of mice that lack the high-affinity serotonin transporter: abnormal 
intestinal motility and the expression of cation transporters. J Neurosci 21:6348-6361 
Chen J-X, Pan H, Rothman TP, Wade PR, Gershon MD (1998) Guinea pig 5-HT transporter: cloning, ex- 
pression, distribution, and function in intestinal sensory reception. Am J Physiol Gastroenterol Liver 
Physiol 275:G433-G448 

Chen R, Nelson JA (2000) Role of organic cation transporters in the renal secretion of nucleosides. Bio- 
chem Pharmacol 60:215-219 

Chen R, Jonker JW, Nelson J A (2002) Renal organic cation and nucleoside transport. Biochem Pharmacol 
64:185-190 

Croop JM, Raymond M, Haber D, Devault A, Arceci RJ, Gros P, Housman DE (1989) The three mouse 
multidrug resistance ( mdr ) genes are expressed in a tissue-specific manner in normal mouse tissues. 
Mol Cell Biol 9:1346-1350 

Dai G, Levy O, Carrasco N (1996) Cloning and characterization of the thyroid iodide transporter. Nature 
379:458^160 

Davidson MB, Peters AL (1997) An overview of metformin in the treatment of type 2 diabetes mellitus. 
Am J Med 102:99-110 

Diaz GA, Banikazemi M, Oishi K, Desnick R J, Gelb BD (1999) Mutations in a new gene encoding a thia- 
mine transporter cause thiamine-responsive megaloblastic anaemia syndrome. Nat Genet 22:309-312 
Dresser MJ, Gray AT, Giacomini KM (2000) Kinetic and selectivity differences between rodent, rabbit, and 
human organic cation transporters (OCT1). J Pharmacol Exp Ther 292:1 146-1 152 
Dresser MJ, Leabman MK, Giacomini KM (2001) Transporters involved in the elimination of drugs in the 
kidney: organic anion transporters and organic cation transporters. J Pharm Sci 90:397^121 
Dresser MJ, Xiao G, Leabman MK, Gray AT, Giacomini KM (2002) Interactions of n-tetraalkyl ammonium 
compounds and biguanides with a human renal organic cation transporter (hOCT2). Pharmac Res 
19:1244-1247 

Duran JM, Peral MJ, Calonge ML, Ilundain AA (2002) Functional characterization of intestinal L-camitine 
transport. J Membr Biol 185:65-74 

Dutta B, Huang W, Molero M, Kekuda R, Leibach FH, Devoe LD, Ganapathy V, Prasad PD (1999) Cloning 
of the human thiamine transporter, a member of the folate transporter family. J Biol Chem 274:31925- 
31929 



80 



Rev Physiol Biochem Pharmacol (2003) 150:36-90 



Eckhardt U, Schroeder A, Stieger B, Hochli M, Landmann L, Tynes R, Meier PJ, Hagenbuch B (1999) 
Poly specific substrate uptake by the hepatic organic anion transporter Oatpl in stably transfected CHO 
cells. Am J Physiol Gastrointest Liver Physiol 276:G1037-G1042 
Eiden LE (1998) The cholinergic gene locus. J Neurochem 70:2227-2240 

Eisenhofer G (2001) The role of neuronal and extraneuronal plasma membrane transporters in the inactiva- 
tion of peripheral catecholamines. Pharmacol Ther 91:35-62 
Eisenhofer G, Aneman A, Friberg P, Hooper D, Fandriks L, Lonroth H, Hunyady B, Mezey, E (1997) Sub- 
stantial production of dopamine in the human gastrointestinal tract. J Clin Endocrinol Metab 82:3864- 
3871 

El-Mir M-Y, Nogueira V, Fontaine E, Averet N, Rigoulet M, Leverve X (2000) Dimethylbiguanide inhibits 
cell respiration via an indirect effect targeted on the respiratory chain complex I. J Biol Chem 
275:223-228 

Elferink RPJO, Meijer DKF, Kuipers F, Jansen PLM, Groen AK, Groothuis GMM (1995) Hepatobiliary se- 
cretion of organic compounds; molecular mechanisms of membrane transport. Biochim Biophys Acta 
1241:215-268 

Enomoto A, Kimura H, Chairoungdua A, Shigeta Y, Jutabha P, Cha SH, Hosoyamada M, Takeda M, Sekine 
T, Igarashi T, Matsuo H, Kikuchi Y, Oda T, Ichida K, Hosoya T, Shimokata K, Niwa T, Kanai Y, En- 
dou H (2002a) Molecular identification of a renal urate-anion exchanger that regulates blood urate lev- 
els. Nature 417:447-452 

Enomoto A, Wempe MF, Tsuchida H, Shin HJ, Cha SH, Anzai N, Goto A, Sakamoto A, Niwa T, Kanai Y, 
Anders MW, Endou H (2002b) Molecular identification of a novel carnitine transporter specific to hu- 
man testis: insights into the mechanism of carnitine recognition. J Biol Chem 277:36262-36271 
Eraly SA, Nigam SK (2002) Novel human cDNAs homologous to drosophila Orct and mammalian carnitine 
transporters. Biochem Biophys Res Commun 297: 1 159-1166 
Eraly SA, Hamilton BA, Nigam SK (2003) Organic anion and cation transporters occur in pairs of similar 
and similarly expressed genes Biochem Biophys Res Commun 300:333-342 
Erickson JD, Varoqui H, Schafer MK, Modi W, Diebler MF, Weihe E, Rand J, Eiden LE, Bonner TI, Usdin 
TB (1994) Functional identification of a vesicular acetylcholine transporter and its expression from a 
“cholinergic” gene locus. J Biol Chem 269:21929-21932 
Eudy JD, Spiegelstein O, Barber RC, Wlodarczyk BJ, Talbot J, Finnell RH (2000) Identification and char- 
acterization of the human and mouse SLC19A3 gene: a novel member of the reduced folate family of 
micronutrient transporter genes. Mol Genet Metab 71:581-590 
Felsenstein J (1998) Phylogeny inference package (PHYLIP) version 3.5 C, distributed by author, Dept, of 
Genetics, University of Washington, Seattle. PHYLIP. 

Feng B, Dresser MJ, Shu Y, Johns SJ, Giacomini KM (2001) Arginine 454 and lysine 370 are essential for 
the anion specificity of the organic anion transporter, rOAT3. Biochemistry 40:551 1-5520 
Fleming JC, Tartaglini E, Steinkamp MP, Schorderet DF, Cohen N and Neufeld EJ (1999) The gene mutat- 
ed in thiamine-responsive anaemia with diabetes and deafness (TRMA) encodes a functional thiamine 
transporter. Nat Genet 22:305-308 

Fleming JC, Steinkamp M P, Kawatsuji R, Tartaglini E, Pinkus JL, Pinkus GS, Fleming MD, Neufeld EJ 
(2001) Characterization of a murine high-affinity thiamine transporter, Slcl9a2. Mol Genet Metab 
74:273-280 

Francis PT, Palmer AM, Snape M, Wilcock GK (1999) The cholinergic hypothesis of Alzheimer’s disease: 
a review of progress. J Neurol Neurosurg Psychiatry 66:137-147 
Friesema ECH, Docter R, Moerings EPCM, Stieger B, Hagenbuch B, Meier PJ, Krenning EP, Hennemann 
G, Visser TJ (1999) Identification of thyroid hormone transporters. Biochem Biophys Res Commun 
254:497-501 

Gainetdinov RR, Jones SR, Caron MG (1999) Functional hyperdopaminergia in dopamine transporter 
knock-out mice. Biol Psychiatry 46:303-311 

Ganapathy ME, Huang W, Rajan DP, Carter AL, Sugawara M, Iseki K, Leibach FH, Ganapathy V (2000) 
/1-lactam antibiotics as substrates for OCTN2, an organic cation/carnitine transporter. J Biol Chem 
275:1699-1707 

Gelernter J, Kruger S, Pakstis A J, Pacholczyk T, Sparkes RS, Kidd KK, Amara S (1993) Assignment of 
the norepinephrine transporter protein (NET1) locus to chromosome 16. Genomics 18:690-692 
Gerk PM, Oo CY, Paxton EW, Moscow JA, McNamara PJ (2001) Interactions between cimetidine, nitrofu- 
rantoin, and probenecid active transport into rat milk. J Pharmacol Exp Ther 296:175-180 
Giros B, El Mestikawy S, Bertrand L, Caron MG (1991) Cloning and functional characterization of a co- 
caine-sensitive dopamine transporter. FEBS Lett 295:149-154 



Rev Physiol Biochem Pharmacol (2003) 150:36-90 



81 



Giros B, El Mestikawy S, Godinot N, Zheng K, Han H, Yang-Feng T, Caron MG (1992) Cloning, pharma- 
cological characterization, and chromosome assignment of the human dopamine transporter. Mol Phar- 
macol 42:383-390 

Goldstein DS, Mezey E, Yamamoto T, Aneman A, Friberg P, Eisenhofer G (1995) Is there a third peripher- 
al catecholaminergic system? Endogenous dopamine as an autocrine/paracrine substance derived from 
plasma DOPA and inactivated by conjugation. Hypertens Res 18 Suppl 1:S93— S99 
Gong S, Lu X, Xu Y, Swiderski CF, Jordan CT, Moscow JA (2002) Identification of OCT6 as a novel or- 
ganic cation transporter preferentially expressed in hematopoietic cells and leukemias. Exp Hematol 
30:1162-1169 

Goralski KB, Lou G, Prowse M T, Gorboulev V, Volk C, Koepsell H, Sitar DS (2002) The cation trans- 
porters rOCTl and rOCT2 interact with bicarbonate but play only a minor role for amantadine uptake 
into rat renal proximal tubules. J Pharmacol Exp Ther 303:959-968 
Gorboulev V, Ulzheimer JC, Akhoundova A, Ulzheimer-Teuber I, Karbach U, Quester S, Baumann C, 
Lang F, Busch AE, Koepsell H (1997) Cloning and characterization of two human poly specific organic 
cation transporters. DNA Cell Biol 16:871-881 

Gorboulev V, Volk C, Arndt P, Akhoundova A, Koepsell H (1999) Selectivity of the polyspecific cation 
transporter rOCTl is changed by mutation of aspartate 475 to glutamate. Mol Pharmacol 56:1254- 
1261 

Gottesman MM, Pastan I (1993) Biochemistry of multidrug resistance mediated by the multidrug trans- 
porter. Annu Rev Biochem 62:385^-27 

Graefe K-H, Bonisch H (1988) The transport of amines across the axonal membranes of noradrenergic and 
dopaminergic neurones. In Trendelenburg U and Weiner N (eds) Handbook of experimental pharma- 
cology. Catecholamines I. Springer- Verlag, Berlin, pp 193-245 
Grohmann M, Trendelenburg U (1984) The substrate specificity of uptake2 in the rat heart. Naunyn 
Schmiedebergs Arch Pharmacol 328:164-173 

Grover B, Auberger C, Sarangarajan R, Cacini W (2002) Functional impairment of renal organic cation 
transport in experimental diabetes. Pharmacol Toxicol 90:181-186 
Griindemann D, Schomig E (2000) Gene structures of the human nonneuronal monoamine transporters 
EMT and OCT2. Hum Genet 106:627-635 

Griindemann D, Gorboulev V, Gambaryan S, Veyhl M, Koepsell H (1994) Drug excretion mediated by a 
new prototype of polyspecific transporter. Nature 372:549-552 
Griindemann D, Babin-Ebell J, Martel F, Ording N, Schmidt A, Schomig E (1997) Primary structure and 
functional expression of the apical organic cation transporter from kidney epithelial LLC-PKi cells. J 
Biol Chem 272:10408-10413 

Griindemann D, Schechinger B, Rappold GA, Schomig E (1998a) Molecular identification of the corticoste- 
rone-sensitive extraneuronal catecholamine transporter. Nature neurosci 1:349-352 
Griindemann D, Koster S, Kiefer N, Breidert T, Engelhardt M, Spitzenberger F, Obermiiller N, Schomig E 
(1998b) Transport of monoamine transmitters by the organic cation transporter type 2, OCT2. J Biol 
Chem 273:30915-30920 

Griindemann D, Liebich G, Kiefer N, Koster S, Schomig E (1999) Selective substrates for nonneuronal 
monoamine transporters. Mol Pharmacol 56:1-10 

Haberberger RV, Pfeil U, Lips KS, Kummer W (2002). Expression of the high-affinity choline transporter, 
CHT1, in the neuronal and nonneuronal cholinergic system of human and rat skin. J Invest Dermatol 
119:1-6 

Haga T (1971) Synthesis and release of ( l4 C)acetylcholine in synaptosomes. J Neurochem 18:781-798 
Haga T, Noda H (1973) Choline uptake systems of rat brain synaptosomes. Biochim Biophys Acta 
291:564-575 

Hagenbuch B, Meier PJ (2003) The superfamily of organic anion transporting polypeptides. Biochim Bio- 
phys Acta 1609:1-18 

Halushka MK, Fan J-B, Bentley K, Hsie L, Shen N, Weder A, Cooper R, Lipshutz R, Chakravarti A (1999) 
Patterns of single-nucleotide polymorphisms in candidate genes for blood-pressure homeostasis. Nat 
Genet 22:239-247 

Harik SI, Hritz MA (1993) Effect of acetyl-L-camitine on 1-methy 1-4-phenyl- 1,2,3, 6- tetrahydropyridine 
(MPTP) neurotoxicity. Biochem Pharmacol 45:2170-2172 
Hashimoto N, Suzuki F, Tamai I, Nikaido H, Kuwajima M, Hayakawa J-I, Tsuji A (1998) Gene-dose effect 
on carnitine transport activity in embryonic fibroblasts of JVS mice as a model of human carnitine 
transporter deficiency. Biochem Pharmacol 55:1729-1732 
Hayakawa J, Koizumi T, Nikaido H (1990) Inheritance of juvenile visceral steatosis found in C3H-H-2 0 
mice. Mouse Genome 86:261 



82 



Rev Physiol Biochem Pharmacol (2003) 150:36-90 



Hayer M, Bonisch H, Briiss M (1999) Molecular cloning, functional characterization and genomic organi- 
zation of four alternatively spliced isoforms of the human organic cation transporter 1 (hOCTl/ 
SLC22A1). Ann Hum Genet 63:473^182 

Hayer-Zillgen M, Briiss M, Bonisch H (2002) Expression and pharmacological profile of the human organic 
cation transporters hOCTl, hOCT2 and hOCT3. Br J Pharmacol 136:829-836 
Hediger MA, Coady MJ, Ikeda TS, Wright EM (1987) Expression cloning and cDNA sequencing of the 
Na + /glucose cotransporter. Nature 330:379-381 

Higgins CF (1992) ABC transporters: from microorganisms to man. Annu Rev Cell Biol 8:67-113 
Higgins CF, Gottesman MM (1992) Is the multidrug transporter a flippase? Trends Biochem Sci 17:18-21 
Hoffman BJ, Hansson SR, Mezey E, Palkovits M (1998) Localization and dynamic regulation of biogenic 
amine transporters in the mammalian central nervous system. Front Neuroendocrinol 19:187-231 
Hoffmeyer S, Burk O, von Richter O, Arnold HP, Brockmoller J, Johne A, Cascorbi I, Gerloff T, Roots I, 
Eichelbaum M, Brinkmann U (2000) Functional polymorphisms of the human multidrug-resistance 
gene: multiple sequence variations and correlation of one allele with P-glycoprotein expression and ac- 
tivity in vivo. Proc Natl Acad Sci USA 97:3473-3478 
Hohage H, Morth DM, Querl IU, Greven J (1994) Regulation by protein kinase C of the contraluminal 
transport system for organic cations in rabbit kidney S2 proximal tubules. J Pharmacol Exp Ther 
268:897-901 

Horiuchi M, Yoshida H, Kobayashi K, Kuriwaki K, Yoshimine K, Tomomura M, Koizumi T, Nikaido H, 
Hayakawa J, Kuwajima M, Saheki T (1993) Cardiac hypertrophy in juvenile visceral steatosis (jvs) 
mice with systemic carnitine deficiency. FEBS Lett 326:267-271 
Horiuchi M, Kobayashi K, Tomomura M, Kuwajima M, Imamura Y, Koizumi T, Nikaido H, Hayakawa J, 
Saheki T (1992) Carnitine administration to juvenile visceral steatosis mice corrects the suppressed ex- 
pression of urea cycle enzymes by normalizing their transcription. J Biol Chem 267:5032-5035 
Horiuchi M, Kobayashi K, Yamaguchi S, Shimizu N, Koizumi T, Nikaido H, Hayakawa J-I, Kuwajima M, 
Saheki T (1994) Primary defect of juvenile visceral steatosis (jvs) mouse with systemic carnitine defi- 
ciency is probably in renal carnitine transport system. Biochim Biophys Acta 1226:25-30 
Hosoyamada M, Sekine T, Kanai Y, Endou H (1999) Molecular cloning and functional expression of a mul- 
tispecific organic anion transporter from human kidney. Am J Physiol Renal Physiol 276:F122-F128 
Hundal RS, Krssak M, Dufour S, Laurent D, Lebon V, Chandramouli V, Inzucchi SE, Schumann WC, Pe- 
tersen KF, Landau BR, Shulman GI (2000) Mechanism by which metformin reduces glucose produc- 
tion in type 2 diabetes. Diabetes 49:2063-2069 

Hyde TM, Crook JM (2001) Cholinergic systems and schizophrenia: primary pathology or epiphenomena? 
J Chem Neuroanat 22:53-63 

Ikeda E, Shiba K, Mori H, Ichikawa A, Sumiya H, Kuji I, Tonami N (2000) Reduction of vesicular acetyl- 
choline transporter in beta-amyloid protein-infused rats with memory impairment. Nucl Med Commun 
21:933-937 

Inui K-I, Takano M, Okano T, Hori R (1985) H + gradient-dependent transport of aminocephalosporins in rat 
renal brush border membrane vesicles: role of HVorganic cation antiport system. J Pharmacol Exp 
Ther 233:181-185 

Isacson O, Seo H, Lin L, Albeck D, Granholm AC (2002) Alzheimer’s disease and Down’s syndrome: roles 
of APP, trophic factors and ACh. Trends Neurosci 25:79-84 
Iversen LL (1965) The uptake of catechol amines at high perfusion concentration in the rat isolated heart: a 
novel catechol amine uptake process. Br J Pharmacol 25:18-33 
Iversen LL, Salt P-J (1970) Inhibition of catecholamine uptake2 by steroids in the isolated rat heart. Br J 
Pharmacol 40:528-530 

Jacquemin E, Hagenbuch B, Stieger B, Wolkoff AW, Meier PJ (1994) Expression cloning of a rat liver 
Na + -independent organic anion transporter. Proc Natl Acad Sci USA 91:133-137 
Ji L, Masuda S, Saito H, Inui K (2002) Downregulation of rat organic cation transporter rOCT2 by 5/6 ne- 
phrectomy. Kidney Int 62:514-524 

Jonker JW, Wagenaar E, Mol CAAM, Buitelaar M, Koepsell H, Smit JW, Schinkel AH (2001) Reduced 
hepatic uptake and intestinal excretion of organic cations in mice with a targeted disruption of the or- 
ganic cation transporter 1 (Octl[Slc22al]) gene. Mol Cell Biol 21:5471-5477 
Jung JS, Kim YK, Lee SH (1989) Characteristics of tetraethylamonium transport in rabbit renal plasma- 
membrane vesicles. Biochem J 259:377-383 

Jung KY, Takeda M, Kim DK, Tojo A, Narikawa S, Yoo BS, Hosoyamada M, Cha SH, Sekine T, Endou H 
(2001) Characterization of ochratoxin A transport by human organic anion transporters. Life Sci 
69:2123-2135 



Rev Physiol Biochem Pharmacol (2003) 150:36-90 



83 



Kakehi M, Koyabu N, Nakamura T, Uchiumi T, Kuwano M, Ohtani H, Sawada Y (2002) Functional char- 
acterization of mouse cation transporter mOCT2 compared with mOCTl. Biochem Biophys Res Com- 
mun 296:644-650 

Kanai N, Lu R, Bao Y, Wolkoff AW, Schuster VL (1996a) Transient expression of Oatp organic anion 
transporter in mammalian cells: identification of candidate substrates. Am J Physiol Renal Physiol 
270:F319-F325 

Kanai N, Lu R, Bao Y, Wolkoff AW, Vore M, Schuster VL (1996b) Estradiol 17 /?-D-glucuronide is a 
high-affinity substrate for Oatp organic anion transporter. Am J Physiol Renal Phsiol 270:F326-F331 
Kanner BI (1994) Sodium-coupled neurotransmitter transport: structure, function and regulation. J Exp Biol 
196:237-249 

Karbach U, Kricke J, Meyer-Wentrup F, Gorboulev V, Volk C, Loffing-Cueni D, Kaissling B, Bachmann 
S, Koepsell H (2000) Localization of organic cation transporters OCT1 and OCT2 in rat kidney. Am J 
Physiol Renal Physiol 279:F679-F687 

Karpati G, Carpenter S, Engel AG, Watters G, Allen J, Rothman S, Klassen G, Mamer OA (1975) The syn- 
drome of systemic carnitine deficiency. Clinical, morphologic, biochemical, and pathophysiologic fea- 
tures. Neurology 25:16-24 

Kekuda R, Prasad PD, Wu X, Wang H, Fei Y-J, Leibach FH, Ganapathy V (1998) Cloning and functional 
characterization of a potential-sensitive, polyspecific organic cation transporter (OCT3) most abun- 
dantly expressed in placenta. J Biol Chem 273:15971-15979 
Kerb R, Brinkmann U, Chatskaia N, Gorbunov D, Gorboulev V, Mornhinweg E, Keil A, Eichelbaum M, 
Koepsell H (2002) Identification of genetic variations of the human organic cation transporter hOCTl 
and their functional consequences. Pharmacogenetics 12:591-595 
Kernel' J, Hoppel C (1998) Genetic disorders of carnitine metabolism and their nutritional management. 
Annu Rev Nutr 18:179-206 

Khamdang S, Takeda M, Noshiro R, Narikawa S, Enomoto A, Anzai N, Piyachaturawat P, Endou H (2002) 
Interactions of human organic anion transporters and human organic cation transporters with nons- 
teroidal anti-inflammatory drugs. J Pharmacol Exp Ther 303:534-539 
Kilty JE, Lorang D, Amara SG (1991) Cloning and expression of a cocaine-sensitive rat dopamine trans- 
porter. Science 254:578-579 

Kimelblatt BJ, Cerra F B, Calleri G, Berg MJ, McMillen MA, Schentag JJ (1980) Dose and serum concen- 
tration relationships in cimetidine-associated mental confusion. Gastroenterology 78:791-795 
Kimura H, Takeda M, Narikawa S, Enomoto A, Ichida K, Endou H (2002) Human organic anion trans- 
porters and human organic cation transporters mediate renal transport of prostaglandins. J Pharmacol 
Exp Ther 301:293-298 

Kinsella JL, Holohan PD, Pessah NI, Ross CR (1979) Transport of organic ions in renal cortical luminal 
and antiluminal membrane vesicles. J Pharmacol Exp Ther 209:443-450 
Kippenberger AG, Palmer DJ, Comer AM, Lipski J, Burton LD, Christie DL (1999) Localization of the 
noradrenaline transporter in rat adrenal medulla and PC 12 cells: evidence for its association with secre- 
tory granules in PC12 cells. J Neurochem 73:1024-1032 
Kirkpatrick CJ, Bittinger F, Unger RE, Kriegsmann J, Kilbinger H, Wessler I (2001) The nonneuronal cho- 
linergic system in the endothelium: evidence and possible pathobiological significance. Jpn J Pharma- 
col 85:24-28 

Kobayashi Y, Okuda T, Fujioka Y, Matsumura G, Nishimura Y, Haga T (2002) Distribution of the high- 
affinity choline transporter in the human and macaque monkey spinal cord. Neurosci Lett 317:25-28 
Koehler MR, Wissinger B, Gorboulev V, Koepsell H, Schmid M (1997) The two human organic cation 
transporter genes SLC22A1 and SLC22A2 are located on chromosome 6q26. Cytogenet Cell Genet 
79:198-200 

Koepsell H (1998) Organic cation transporters in intestine, kidney, liver, and brain. Annu Rev Physiol 
60:243-266 

Koepsell H, Gorboulev V, Arndt P (1999) Molecular pharmacology of organic cation transporters in kidney. 
J Membrane Biol 167:103-117 

Koizumi A, Nozaki J-I, Ohura T, Kayo T, Wada Y, Nezu J-I, Ohashi R, Tamai I, Shoji Y, Takada G, Kibira 
S, Matsuishi T, Tsuji A (1999) Genetic epidemiology of the carnitine transporter OCTN2 gene in a 
Japanese population and phenotypic characterization in Japanese pedigrees with primary systemic car- 
nitine deficiency. Hum Mol Genet 8:2247-2254 

Koizumi T, Nikaido H, Hayakawa J, Nonomura A, Yoneda T (1988) Infantile disease with microvesicular 
fatty infiltration of viscera spontaneously occurring in the C3H-H-2 0 strain of mouse with similarities 
to Reye’s syndrome. Lab Anim 22:83-87 

Kristufek D, Rudorfer W, Pitl C, Huck S (2002) Organic cation transporter mRNA and function in the rat 
superior cervical ganglion. J Physiol 543:117-134 



84 



Rev Physiol Biochem Pharmacol (2003) 150:36-90 



Kuhar MJ, Murrin LC (1978) Sodium-dependent, high affinity choline uptake. J Neurochem 30:15-21 
Kuhl DE, Koeppe RA, Minoshima S, Snyder SE, Ficaro EP, Foster NL, Frey KA, Kilbourn MR (1999) In 
vivo mapping of cerebral acetylcholinesterase activity in aging and Alzheimer’s disease. Neurology 
52:691-699 

Kullak-Ublick GA, Hagenbuch B, Stieger B, Wolkoff AW, Meier P J (1994) Functional characterization of 
the basolateral rat liver organic anion transporting polypeptide. Hepatology 20:41 1 — 416 
Kullak-Ublick GA, Hagenbuch B, Stieger B, Schteingart CD, Hofmann AF, Wolkoff AW, Meier PJ (1995) 
Molecular and functional characterization of an organic anion transporting polypeptide cloned from 
human liver. Gastroenterology 109:1274-1282 

Kullak-Ublick GA, Beuers U, Paumgartner G (1996) Molecular and functional characterization of bile acid 
transport in human hepatoblastoma HepG2 cells. Hepatology 23: 1053-1060 
Kullak-Ublick GA, Glasa J, Boker C, Oswald M, Griitzner U, Hagenbuch B, Stieger B, Meier PJ, Beuers U, 
Kramer W, Wess G, Paumgartner G (1997) Chlorambucil-taurocholate is transported by bile acid car- 
riers expressed in human hepatocellular carcinomas. Gastroenterology 113:1295-1305 
Kullak-Ublick GA, Ismair M G, Stieger B, Landmann L, Huber R, Pizzagalli F, Fattinger K, Meier PJ, Ha- 
genbuch B (2001) Organic anion-transporting polypeptide B (OATP-B) and its functional comparison 
with three other OATPs of human liver. Gastroenterology 120:525-533 
Kusuhara H, Sekine T, Utsunomiya-Tate N, Tsuda M, Kojima R, Cha SH, Sugiyama Y, Kanai Y, Endou H 
(1999) Molecular cloning and characterization of a new multispecific organic anion transporter from 
rat brain. J Biol Chem 274:13675-13680 

Kuwajima M, Kono N, Horiuchi M, Imamura Y, Ono A, Inui Y, Kawata S, Koizumi T, Hayakawa J, Saheki 
T (1991) Animal model of systemic carnitine deficiency: Analysis in C3H-H-2 degrees strain of mouse 
associated with juvenile visceral steatosis. Biochem Biophys Res Commun 174:1090-1094 
Kwong SC, Brubacher J (1998) Phenformin and lactic acidosis: a case report and review. J Emerg Med 
16:881-886 

Lamhonwah A-M, Olpin SE, Pollitt RJ, Vianey-Saban C, Divry P, Guffon N, Besley GTN, Onizuka R, De 
Meirleir LJ, Cvitanovic-Sojat L, Baric I, Dionisi-Vici C, Fumic K, Maradin M, Tein I (2002) Novel 
OCTN2 mutations: no genotype-phenotype correlations: early carnitine therapy prevents cardiomyopa- 
thy. Am J Med Genet 1 1 1 :27 1-284 

Leabman MK, Huang CC, Kawamoto M, Johns SJ, Stryke D, Ferrin TE, DeYoung J, Taylor T, Clark AG, 
Herskowitz I, Giacomini KM (2002) Polymorphisms in a human kidney xenobiotic transporter, OCT2, 
exhibit altered function. Pharmacogenetics 12:395^-05 
Lecureur V, Guillouzo A, Fardel O (1998) Differential expression of the poly specific drug transporter 
OCT1 in rat hepatocarcinoma cells. Cancer Lett 126:227-233 
Lesch KP, Wolozin BL, Estler HC, Murphy DL, Riederer P (1993) Isolation of a cDNA encoding the hu- 
man brain serotonin transporter. J Neural Transm Gen Sect 91:67-72 
Lips KS, Pfeil U, Haberberger RV, Kummer W (2002) Localization of the high-affinity choline transporter- 
1 in the rat skeletal motor unit. Cell Tissue Res 307:275-280 
Lockman PR, Allen DD (2002) The transport of choline. Drug Dev Ind Pharm 28:749-771 
Lu K-M, Nishimori H, Nakamura Y, Shima K, Kuwajima M (1998) A missense mutation of mouse 
OCTN2, a sodium-dependent carnitine cotransporter, in the juvenile visceral steatosis mouse. Biochem 
Biophys Res Commun 252:590-594 

Marger MD, Saier MH, Jr. (1993) A major superfamily of transmembrane facilitators that catalyse uniport, 
symport, and antiport. Trends Biochem Sci 18:13-20 

Martel F, Keating E, Calhau C, Griindemann D, Schomig E, Azevedo I (2001) Regulation of human extra- 
neuronal monoamine transporter (hEMT) expressed in HEK293 cells by intracellular second messen- 
ger systems. Naunyn Schmiedebergs Arch Pharmacol 364:487^495 
Masson J, Sagne C, Hamon M, El Mestikawy S (1999) Neurotransmitter transporters in the central nervous 
system. Pharmacol Rev 5 1 :439^J64 

Matsuoka M, Igisu H (1993) Comparison of the effects of L-camitine, D-carnitine and acetyl-L- carnitine 
on the neurotoxicity of ammonia. Biochem Pharmacol 46:159-164 
Mayatepek E, Nezu J, Tamai I, Oku A, Katsura M, Shimane M, Tsuji A (1999) Two novel missense muta- 
tions of the OCTN2 gene (W283R and V446F) in a patient with primary systemic carnitine deficiency. 
Hum Mutat 15:118 

McCleskey EW, Aimers W (1985) The Ca channel in skeletal muscle is a large pore. Proc Natl Acad Sci 
USA 82:7149-7153 

McKinney TD, Kunnemann ME (1985) Procainamide transport in rabbit renal cortical brush border mem- 
brane vesicles. Am J Physiol Renal Physiol 249:F532-F541 



Rev Physiol Biochem Pharmacol (2003) 150:36-90 



85 



Mehrens T, Lelleck S, £etinkaya I, Knollmann M, Hohage H, Gorboulev V, Boknik P, Koepsell H, Schlat- 
ter E (2000) The affinity of the organic cation transporter rOCTl is increased by protein kinase C-de- 
pendent phosphorylation. J Am Soc Nephrol 1 1:1216-1224 
Meijer DKF, Smit JW, Muller M (1997) Hepatobiliary elimination of cationic drugs: the role of P-glycopro- 
teins and other ATP-dependent transporters. Adv Drug Deliv Rev 25:159-200 
Meyer-Wentrup F, Karbach U, Gorboulev V, Arndt P, Koepsell H (1998) Membrane localization of the 
electrogenic cation transporter rOCTl in rat liver. Biochem Biophys Res Commun 248:673-678 
Mezey E, Eisenhofer G, Harta G, Hansson S, Gould L, Hunyady B, Hoffman BJ (1996) A novel nonneu- 
ronal catecholaminergic system: exocrine pancreas synthesizes and releases dopamine. Proc Natl Acad 
Sci USA 93:10377-10382 

Mezey E, Eisenhofer G, Hansson S, Hunyady B, Hoffman BJ (1998) Dopamine produced by the stomach 
may act as a paracrine/autocrine hormone in the rat. Neuroendocrinology 67:336—348 
Mezey E, Eisenhofer G, Hansson S, Harta G, Hoffman BJ, Gallatz K, Palkovits M, Hunyady B (1999) Non- 
neuronal dopamine in the gastrointestinal system. Clin Exp Pharmacol Physiol 26 :S14-S22 
Mooslehner KA, Allen ND (1999) Cloning of the mouse organic cation transporter 2 gene, Slc22a2, from 
an enhancer-trap transgene integration locus. Mamm Genome 10:218-224 
Moseley RH, Morrissette J, Johnson TR (1990) Transport of A^-methylnicotinamide by organic cation-pro- 
ton exchange in rat liver membrane vesicles. Am J Physiol Gastroenterol 259:G973-G982 
Moseley RH, Jarose SM, Permoad P (1992a) Organic cation transport by rat liver plasma membrane vesi- 
cles: studies with TEA. Am J Physiol Gastroenterol Liver Physiol 263:G775-G785 
Moseley RH, Vashi P G, Jarose SM, Dickinson CJ, Permoad PA (1992b) Thiamine transport by basolateral 
rat liver plasma membrane vesicles. Gastroenterology 103:1056-1065 
Motohashi H, Sakurai Y, Saito H, Masuda S, Urakami Y, Goto M, Fukatsu A, Ogawa O, Inui KI (2002) 
Gene expression levels and immunolocalization of organic ion transporters in the human kidney. J Am 
Soc Nephrol 13:866-874 

Nagao M, Misawa H, Kato S, Hirai S (1998) Loss of cholinergic synapses on the spinal motor neurons of 
amyotrophic lateral sclerosis. J Neuropathol Exp Neurol 57:329-333 
Nagel G, Volk C, Friedrich T, Ulzheimer J C, Bamberg E, Koepsell H (1997) A reevaluation of substrate 
specificity of the rat cation transporter rOCTl. J Biol Chem 272:31953-31956 
Nestler JE (2001) Metformin and the polycystic ovary syndrome. J Clin Endocrinol Metab 86:1430 
Nezu J, Tamai I, Oku A, Ohashi R, Yabuuchi H, Hashimoto N, Nikaido H, Sai Y, Koizumi A, Shoji Y, 
Takada G, Matsuishi T, Yoshino M, Kato H, Ohura T, Tsujimoto G, Hayakawa J, Shimane M, Tsuji A 
(1999) Primary systemic carnitine deficiency is caused by mutations in a gene encoding sodium ion- 
dependent carnitine transporter. Nat Genet 21:91-94 

Nguyen TT, Tseng Y T, McGonnigal B, Stabila JP, Worrell L A, Saha S, Padbury JF (1999) Placental bio- 
genic amine transporters: in vivo function, regulation and pathobiological significance. Placenta 20:3- 
11 

Nicholas TE, Strum J M, Angelo LS, Junod AF (1974) Site and mechanism of uptake of 3 H-norepinephrine 
by isolated perfused rat lungs. Circ Res 35:670-680 

Nishiwaki T, Daigo Y, Tamari M, Fujii Y, Nakamura Y (1998) Molecular cloning, mapping, and character- 
ization of two novel human genes, ORCTL3 and ORCTL4, bearing homology to organic-cation trans- 
porters. Cytogenet Cell Genet 83:251-255 

O’ Regan S, Traiffort E, Ruat M, Cha N, Compaore D, Meunier FM (2000) An electric lobe suppressor for a 
yeast choline transport mutation belongs to a new family of transporter-like proteins. Proc Natl Acad 
Sci USA 97:1835-1840 

Ohashi R, Tamai I, Yabuuchi H, Nezu J-I, Oku A, Sai Y, Shimane M and Tsuji A (1999) Na(+)-dependent 
carnitine transport by organic cation transporter (OCTN2): its pharmacological and toxicological rele- 
vance. J Pharmacol Exp Ther 291:778-784 

Ohashi R, Tamai I, Nezu J-I, Nikaido H, Hashimoto N, Oku A, Sai Y, Shimane M, Tsuji A (2001) Molecu- 
lar and physiological evidence for multifunctionality of camitine/organic cation transporter OCTN2. 
Mol Pharmacol 59:358-366 

Ohashi R, Tamai I, Inano A, Katsura M, Sai Y, Nezu J, Tsuji A (2002) Studies on functional sites of organic 
cation/camitine transporter OCTN2 ( SLC22A5 ) using a Ser467Cys mutant protein. J Pharmacol Exp 
Ther 302:1286-1294 

Oishi K, Hirai T, Gelb BD, Diaz GA (2001) Slcl9ci2 : Cloning and characterization of the murine thiamin 
transporter cDNA and genomic sequence, the orthologue of the human TRMA gene. Mol Genet Metab 
73:149-159 

Okuda M, Saito H, Urakami Y, Takano M, Inui K-I (1996) cDNA cloning and functional expression of a 
novel rat kidney organic cation transporter, OCT2. Biochem Biophys Res Commun 224:500-507 



86 



Rev Physiol Biochem Pharmacol (2003) 150:36-90 



Okuda M, Urakami Y, Saito H, Inui K-I (1999) Molecular mechanisms of organic cation transport in 
OCT2-expressing Xenopus oocytes. Biochim Biophys Acta 1417:224-231 
Okuda T, Haga T (2000) Functional characterization of the human high-affinity choline transporter. FEBS 
Lett 484:92-97 

Okuda T, Haga T, Kanai Y, Endou H, Ishihara T, Katsura I (2000) Identification and characterization of the 
high-affinity choline transporter. Nat Neurosci 3:120-125 
Okuda T, Okamura M, Kaitsuka C, Haga T, Gurwitz D (2002) Single nucleotide polymorphism of the hu- 
man high-affinity choline transporter alters transport rate. J Biol Chem 277:45314-45322 
Ott RJ, Hui AC, Yuan G, Giacomini KM (1991) Organic cation transport in human renal brush-border 
membrane vesicles. Am J Physiol Renal Physiol 261:F443-F451 
Owen MR, Doran E, Halestrap AP (2000) Evidence that metformin exerts its antidiabetic effects through 
inhibition of complex 1 of the mitochondrial respiratory chain. Biochem J 348:607-614 
Pacholczyk T, Blakely RD, Amara SG (1991) Expression cloning of a cocaine- and antidepressant-sensitive 
human noradrenaline transporter. Nature 350:350-354 
Pan BF, Sweet DH, Pritchard JB, Chen R, Nelson JA (1999) A transfected cell model for the renal toxin 
transporter, rOCT2. Toxicol Sci 47:181-186 

Pao SS, Paulsen IT, Saier MH, Jr. (1998) Major facilitator superfamily. Microbiol Mol Biol Rev 62:1-34 
Parsons SM, Prior C, Marshall IG (1993) Acetylcholine transport, storage, and release. Int Rev Neurobiol 
35:279-390 

Pettegrew JW, Klunk WE, Panchalingam K, Kanfer JN, McClure R (1995) Clinical and neurochemical ef- 
fects of acetyl-L-camitine in Alzheimer’s disease. Neurobiol Aging 16: 1^4 
Phillips JK, Dubey R, Sesiashvilvi E, Takeda M, Christie DL and Lipski J (2001) Differential expression of 
the noradrenaline transporter in adrenergic chromaffin cells, ganglion cells and nerve fibres of the rat 
adrenal medulla. J Chem Neuroanat 21:95-104 

Pietig G, Mehrens T, Hirsch JR, £etinkaya I, Piechota H, Schlatter E (2001) Properties and regulation of 
organic cation transport in freshly isolated human proximal tubules. J Biol Chem 276:33741-33746 
Prasad PD, Huang W, Ramamoorthy S, Carter AL, Leibach FH, Ganapathy V (1996) Sodium-dependent 
carnitine transport in human placental choriocarcinoma cells. Biochim Biophys Acta 1284:109-117 
Rajgopal A, Edmondnson A, Goldman ID, Zhao R (2001) SLC19A3 encodes a second thiamine transporter 
ThTr2. Biochim Biophys Acta 1537:175-178 

Ramamoorthy S, Bauman AL, Moore KR, Han H, Yang-Feng T, Chang AS, Ganapathy V, Blakely RD 
(1993) Antidepressant- and cocaine-sensitive human serotonin transporter: molecular cloning, expres- 
sion, and chromosomal localization. Proc Natl Acad Sci USA 90:2542-2546 
Rebouche CJ and Mack DL (1984) Sodium gradient-stimulated transport of L-camitine into renal brush 
border membrane vesicles: kinetics, specificity, and regulation by dietary carnitine. Arch Biochem 
Biophys 235:393^-02 

Reichel C, Gao B, Van Montfoort J, Cattori V, Rahner C, Hagenbuch B, Stieger B, Kamisako T, Meier PJ 
(1999) Localization and function of the organic anion-transporting polypeptide Oatp2 in rat liver. Gas- 
troenterology 117:688-695 

Reid G, Wolff NA, Dautzenberg FM, Burckhard G (1998) Cloning of a human renal p-aminohippurate 
transporter, hROATl. Kidney Blood Press Res 21:233-237 
Rindi G, Laforenza U (2000) Thiamine intestinal transport and related issues: recent aspects. Proc Soc Exp 
Biol Med 224:246-255 

Roch-Ramel F, Besseghir K, Murer H (1992) Renal excretion and tubular* transport of organic anions and 
cations. In Windhager EE (ed) Handbook of physiology (a critical, comprehensive presentation of 
physiological knowledge and concepts). Oxford University Press, New York, Oxford, pp 2189-2262 
Roque AS, Prasad P D, Bhatia JS, Leibach FH, Ganapathy V (1996) Sodium-dependent high-affinity bind- 
ing of carnitine to human placental brush border membranes. Biochim Biophys Acta 1282:274-282 
Russ H, Staust K, Martel F, Gliese M, Schomig E (1996) The extraneuronal transporter for monoamine 
transmitters exists in cells derived from human central nervous system glia. Eur J Neurosc 8:1256- 
1264 

Sakaeda T, Nakamura T, Okumura K (2002) MDR1 genotype-related pharmacokinetics and pharmacody- 
namics. Biol Pharm Bull 25:1391-1400 

Schentag JJ, Cerra FB, Calleri G, DeGlopper E, Rose JQ, Bernhard H (1979) Pharmacokinetic and clinical 
studies in patients with cimetidine-associated mental confusion. Lancet 1:177-181 
Schlatter E, Monnich V, £etinkaya I, Mehrens T, Ciarimboli G, Hirsch JR, Popp C, Koepsell H (2002) The 
organic cation transporters rOCTl and hOCT2 are inhibited by cGMP. J Membr Biol 189:237-244 
Schmitt A, Mossner R, Gossmann A, Fischer I G, Gorboulev V, Murphy DL, Koepsell H, Lesch KP (2003) 
An organic cation transporter capable of transporting serotonin is upregulated in serotonin transporter 
deficient-mice. J Neurosci Res (in press) 



Rev Physiol Biochem Pharmacol (2003) 150:36-90 



87 



Schomig E, Schonfeld C-L (1990) Extraneuronal noradrenaline transport (uptake 2 ) in a human cell line 
(Caki-1 cells). Naunyn Schmiedeberg Arch Pharmacol 341:404—410 
Schomig E, Spitzenberger F, Engelhardt M, Martel F, Ording N, Griindemann D (1998) Molecular cloning 
and characterization of two novel transport proteins from rat kidney. FEBS Letters 425:79-86 
Schweifer N, Barlow DP (1996) The Lxl gene maps to mouse chromosome 17 and codes for a protein that 
is homologous to glucose and polyspecific transmembrane transporters. Mamm Genome 7:735-740 
Sekine T, Watanabe N, Hosoyamada M, Kanai Y, Endou H (1997) Expression cloning and characterization 
of a novel multispecific organic anion transporter. J Biol Chem 272:18526-18529 
Sekine T, Kusuhara H, Utsunomiya-Tate N, Tsuda M, Sugiyama Y, Kanai Y, Endou H (1998) Molecular 
cloning and characterization of high-affinity carnitine transporter from rat intestine. Biochem Biophys 
Res Commun 251:586-591 

Sekine T, Cha S H, Endou H (2000) The multispecific organic anion transporter (OAT) family. Pfliigers 
Arch 440:337-350 

Seth P, Wu X, Huang W, Leibach FH, Ganapathy V (1999) Mutations in novel organic cation transporter 
(OCTN2), an organic cation/camitine transporter, with differential effects on the organic cation trans- 
port function and the carnitine transport function. J Biol Chem 274:33388-33392 
Shi X, Bai S, Ford AC, Burk RD, Jacquemin E, Hagenbuch B, Meier PJ, Wolkoff AW (1995) Stable induc- 
ible expression of a functional rat liver organic anion transport protein in HeLa cells. J Biol Chem 
270:25591-25595 

Shimada S, Kitayama S, Lin C-L, Patel A, Nanthakumar E, Gregor P, Kuhar M, Uhl G (1991) Cloning and 
expression of a cocaine-sensitive dopamine transporter complementary DNA. Science 254:576-578 
Shu Y, Bello CL, Mangravite LM, Feng B, Giacomini KM (2001) Functional characteristics and steroid 
hormone-mediated regulation of an organic cation transporter in Madin-Darby canine kidney cells. J 
Pharmacol Exp Ther 299:392-398 

Simon JR, Kuhar MG (1975) Impulse-flow regulation of high affinity choline uptake in brain cholinergic 
nerve terminals. Nature 255:162-163 

Slitt AL, Cherringtion NJ, Hartley DP, Leazer TM, Klaassen CD (2002) Tissue distribution and renal devel- 
opmental changes in rat organic cation transporter mRNA levels. Drug Metab Dispos 30:212-219 
Smit JW, Schinkel AH, Weert B, Meijer DKF (1998) Hepatobiliary and intestinal clearance of amphiphilic 
cationic drugs in mice in which both mdrla and mdrlb genes have been disrupted. Br J Pharmacol 
124:416^124 

Sokol PP, Holohan PD, Ross CR (1985) Electroneutral transport of organic cations in canine renal brush 
border membrane vesicles (BBMV). J Pharmacol Exp Ther 233:694-699 
Spangeus A, El-Salhy M (2001) Myenteric plexus of obese diabetic mice (an animal model of human type 
2 diabetes). Histol Histopathol 16:159-165 

Stanley CA, DeLeeuw S, Coates PM, Vianey-Liaud C, Divry P, Bonnefont JP, Saudubray JM, Haymond 
M, Trefz FK, Breningstall GN (1991) Chronic cardiomyopathy and weakness or acute coma in chil- 
dren with a defect in carnitine uptake. Ann Neurol 30:709-716 
Steffen V, Santiago M, de la Cruz CP, Revilla E, Machado A, Cano J (1995) Effect of intraventricular in- 
jection of MPP: protection by acetyl-L-carnitine. Hum Exp Toxicol 14:865-871 
Stieger B, O’Neill B, Krahenbiihl S (1995) Characterization of L-camitine transport by rat kidney brush- 
border-membrane vesicles. Biochem J 309:643-647 

Streich S, Briiss M, Bonisch H (1996) Expression of the extraneuronal monoamine transporter (uptake 2 ) in 
human glioma cells. Naunyn-Schmiedeberg’s Arch Pharmacol 353:328-333 
Sugawara-Yokoo M, Urakami Y, Koyama H, Fujikura K, Masuda S, Saito H, Naruse T, Inui K-I, Takata K 
(2000) Differential localization of organic cation transporters rOCTl and rOCT2 in the basolateral 
membrane of rat kidney proximal tubules. Histochem Cell Biol 114:175-180 
Sun W, Wu RR, van Poelje PD. Erion MD (2001) Isolation of a family of organic anion transporters from 
human liver and kidney. Biochem Biophys Res Commun 283:417-^122. 

Suzuki M, Desmond TJ, Albin RL, Frey KA (2002) Cholinergic vesicular transporters in progressive supra- 
nuclear palsy. Neurology 58:1013-1018 

Sweet DH, Pritchard JB (1999a) rOCT2 is a basolateral potential-driven carrier, not an organic cation/pro- 
ton exchanger. Am J Physiol Renal Physiol 277:F890-F898 
Sweet DH, Pritchard JB (1999b) The molecular biology of renal organic anion and organic cation trans- 
porters. Cell Biochem Biophys 31:89-118 

Sweet DH, Wolff NA, Pritchard JB (1997) Expression cloning and characterization of ROAT1, the basolat- 
eral organic anion transporter in rat kidney. J Biol Chem 272:30088-30095 
Sweet DH, Miller DS, Pritchard JB (2001) Ventricular choline transport: a role for organic cation trans- 
porter 2 expressed in choroid plexus. J Biol Chem 276:4161 1^-1619 



88 



Rev Physiol Biochem Pharmacol (2003) 150:36-90 



Sweet DH, Chan LMS, Walden R, Yang X-P, Miller DS, Pritchard JB (2003) Organic anion transporter 3 
( Slc22a8 ) is a dicarboxylate exchanger indirectly coupled to the Na + gradient. Am J Physiol Renal 
Physiol (in press) 

Takano M, Inui K-I, Okano T, Saito H, Hori R (1984) Carrier-mediated transport systems of TEA in rat 
renal brush-border and basolateral membrane vesicles. Biochim Biophys Acta 773:113-124 
Takano M, Katsura T, Tomita Y, Yasuhara M, Hori R (1993) Transport mechanism of choline in rat renal 
brush-border membrane. Biol Pharm Bull 16:889-894 
Takeda M, Khamdang S, Narikawa S, Kimura H, Kobayashi Y, Yamamoto T, Cha SH, Sekine T, Endou H 
(2002) Human organic anion transporters and human organic cation transporters mediate renal antiviral 
transport. J Pharmacol Exp Ther 300:918-924 

Tamai I, Yabuuchi H, Nezu J-I, Sai Y, Oku A, Shimane M, Tsuji A (1997) Cloning and characterization of 
a novel human pH-dependent organic cation transporter, OCTN1. FEBS Letters 419:107-111 
Tamai I, Ohashi R, Nezu J-I, Yabuuchi H, Oku A, Shimane M, Sai Y, Tsuji A (1998) Molecular and func- 
tional identification of sodium ion-dependent, high affinity human carnitine transporter OCTN2. J Biol 
Chem 273:20378-20382 

Tamai I, Ohashi R, Nezu J-I, Sai Y, Kobayashi D, Oku A, Shimane M, Tsuji A (2000) Molecular and func- 
tional characterization of organic cation/carnitine transporter family in mice. J Biol Chem 275:40064- 
40072 

Tamai I, China K, Sai Y, Kobayashi D, Nezu J-I, Kawahara E, Tsuji A (2001) Na(+)-coupled transport of 
L-carnitine via high-affinity carnitine transporter OCTN2 and its subcellular localization in kidney. 
Biochim Biophys Acta 1512:273-284 

Tang NLS, Ganapathy V, Wu X, Hui J, Seth P, Yuen PMP, Fok TF, Hjelm NM (1999) Mutations of 
OCTN2, an organic cation/carnitine transporter, lead to deficient cellular carnitine uptake in primary 
carnitine deficiency. Hum Mol Genet 8:655-660 

Tanigawara Y, Okamura N, Hirai M, Yasuhara M, Ueda K, Kioka N, Komano T, Hori R (1992) Transport 
of digoxin by human P-glycoprotein expressed in a porcine kidney epithelial cell line (LLC-PKi). J 
Pharmacol Exp Ther 263:840-845 

Tein I, De Vivo DC, Bierman F, Pulver P, De Meirleir LJ, Cvitanovic-Sojat L, Pagon R A, Bertini E, Dion- 
isi-Vici C, Servidei S. (1990) Impaired skin fibroblast carnitine uptake in primary systemic carnitine 
deficiency manifested by childhood carnitine-responsive cardiomyopathy. Pediatr Res 28:247-255 
Terashita S, Dresser MJ, Zhang L, Gray AT, Yost SC, Giacomini KM (1998) Molecular cloning and func- 
tional expression of a rabbit renal organic cation transporter. Biochim Biophys Acta 1369:1-6 
Thiebaut F, Tsuruo T, Hamada H, Gottesman MM, Pastan I, Willingham MC (1987) Cellular localization 
of the multidrug-resistance gene product P-glycoprotein in normal human tissues. Proc Natl Acad Sci 
USA 84:7735-7738 

Thiebaut F, Tsuruo T, Hamada H, Gottesman MM, Pastan I, Willingham MC (1989) Immunohistochemical 
localization in normal tissues of different epitopes in the multidrug transport protein PI 70: evidence 
for localization in brain capillaries and crossreactivity of one antibody with a muscle protein. J His- 
tochem Cytochem 37:159-164 

Tomomura M, Imamura Y, Horiuchi M, Koizumi T, Nikaido H, Hayakawa J, Saheki T (1992) Abnormal 
expression of urea cycle enzyme genes in juvenile visceral steatosis (jvs) mice. Biochim Biophys Acta 
1138:167-171 

Treem WR, Stanley CA, Finegold DN, Hale DE, Coates PM (1988) Primary carnitine deficiency due to a 
failure of carnitine transport in kidney, muscle, and fibroblasts. N Engl J Med 319:1331-1336 
Trendelenburg U (1988) The extraneural uptake and metabolism of catecholamines. In Trendelenburg U, 
Weiner N (eds) Handbook of experimental pharmacology 90. Catecholamines I. Springer- Verlag, Ber- 
lin, pp 279-319 

Tumheim K, Lauterbach FO (1977) Absorption and secretion of monoquatemary ammonium compounds 
by the isolated intestinal mucosa. Biochem Pharmac 26:99-108 
Ueda K, Okamura N, Hirai M, Tanigawara Y, Saeki T, Kioka N, Komano T, Hori R (1992) Human P-gly- 
coprotein transports cortisol, aldosterone, and dexamethasone, but not progesterone. J Biol Chem 
267:24248-24252 

Ullrich KJ (1994) Specificity of transporters for “organic anions” and “organic cations” in the kidney. Bio- 
chim Biophys Acta 1 197:45-62 

Ullrich KJ, Rumrich G (1996) Luminal transport system for choline + in relation to the other organic cation 
transport systems in the rat proximal tubule. Kinetics, specificity: alkyl/arylamines, alkylamines with 
OH, O, SH, NH 2 , ROCO, RSCO, and H 2 P 04 -groups, methylaminostyryl, rhodamine, acridine, phenan- 
threne, and cyanine compounds. Pflugers Arch 432:471^-85 



Rev Physiol Biochem Pharmacol (2003) 150:36-90 



89 



Urakami Y, Okuda M, Masuda S, Saito H, Inui K-I (1998) Functional characteristics and membrane local- 
ization of rat multispecific organic cation transporters, OCT1 and OCT2, mediating tubular secretion 
of cationic drugs. J Pharmacol Exp Ther 287:800-805 

Urakami Y, Nakamura N, Takahashi K, Okuda M, Saito H, Hashimoto Y, Inui K-I (1999) Gender differ- 
ences in expression of organic cation transporter OCT2 in rat kidney. FEBS Lett 461:339-342 
Urakami Y, Okuda M, Saito H, Inui K-I (2000) Hormonal regulation of organic cation rransporter OCT2 
expression in rat kidney. FEBS Lett 473:173-176 

Urakami Y, Okuda M, Masuda S, Akazawa M, Saito H, Inui K-I (2001) Distinct characteristics of organic 
cation transporters, OCT1 and OCT2, in the basolateral membrane of renal tubules. Pharm Res 
18:1528-1534 

Urakami Y, Akazawa M, Saito H, Okuda M, Inui K-I (2002) cDNA cloning, functional characterization, 
and tissue distribution of an alternatively spliced variant of organic cation transporter hOCT2 predomi- 
nantly expressed in the human kidney. J Am Soc Nephrol 13:1703-1710 
Van Montfoort J E, Hagenbuch B, Fattinger KE, Muller M, Groothuis GMM, Meijer DKF, Meier PJ (1999) 
Polyspecific organic anion transporting polypeptides mediate hepatic uptake of amphipathic type II or- 
ganic cations. J Pharmacol Exp Ther 291:147-152 

Van Montfoort JE, Muller M, Groothuis GMM, Meijer DKF, Koepsell H, Meier PJ (2001) Comparison of 
“type I” and “type II” organic cation transport by organic cation transporters and organic anion-trans- 
porting polypeptides. J Pharmacol Exp Ther 298: 110-115 
Varoqui H, Erickson JD (1996) Active transport of acetylcholine by the human vesicular acetylcholine 
transporter. J Biol Chem 271:27229-27232 

Vaz FM, Scholte HR, Ruiter J, Hussaarts-Odijk LM, Pereira RR, Schweitzer S, de Klerk JBC, Waterham 
HR, Wanders RJA (1999) Identification of two novel mutations in OCTN2 of three patients with sys- 
temic carnitine deficiency. Hum Genet 105:157-161 

Velazquez EM, Mendoza S, Hamer T, Sosa F, Glueck CJ (1994) Metformin therapy in polycystic ovary 
syndrome reduces hyperinsulinemia, insulin resistance, hyperandrogenemia, and systolic blood pres- 
sure, while facilitating normal menses and pregnancy. Metabolism 43:647-654 
Verhaagh S, Schweifer N, Barlow DP, Zwart R (1999) Cloning of the mouse and human solute carrier 22a3 
( Slc22a3/SLC22A3 ) identifies a conserved cluster of three organic cation transporters on mouse chro- 
mosome 17 and human 6q26-q27. Genomics 55:209-218 
Vialli M (1966) Histology of the enterochromaffin cell system. In: Erspamer V (ed) Handbook of experi- 
mental pharmacology: 5 -hydroxy try ptamine and related indolealkyklaminase 19. Springer, New York, 
pp 1-65 

Wagner CA, Liikewille U, Kaltenbach S, Moschen I, Broer A, Risler T, Broer S, Lang F (2000) Functional 
and pharmacological characterization of the human Na + /camitine cotransporter hOCTN2. Am J Phy- 
siol Renal Physiol 279:F584-F591 

Walker JK, Gainetdinov RR, Mangel AW, Caron MG and Shetzline MA (2000) Mice lacking the dopamine 
transporter display altered regulation of distal colonic motility. Am J Physiol Gastrointest Liver Phy- 
siol 279:G311-G318 

Walker PS, Donovan JA, Van Ness BG, Fellows RE, Pessin JE (1988) Glucose-dependent regulation of 
glucose transport activity, protein, and mRNA in primary cultures of rat brain glial cells. J Biol Chem 
263:15594-15601 

Wang DS, Jonker JW, Kato Y, Kusuhara H, Schinkel AH, Sugiyama Y (2002) Involvement of organic cation 
transporter 1 in hepatic and intestinal distribution of metformin. J Pharmacol Exp Ther 302:510-515 
Wang Y, Ye J, Ganapathy V, Longo N (1999) Mutations in the organic cation/carnitine transporter OCTN2 
in primary carnitine deficiency. Proc Natl Acad Sci USA 96:2356-2360 
Wang Y, Taroni F, Garavaglia B, Longo N (2000a) Functional analysis of mutations in the OCTN2 trans- 
porter causing primary carnitine deficiency: lack of genotype-phenotype correlation. Hum Mutat 
16:401-407 

Wang Y, Kelly MA, Cowan TM, Longo N (2000b) A missense mutation in the OCTN2 gene associated 
with residual carnitine transport activity. Hum Mutat 15:238-245 
Wang Y, Meadows TA, Longo N (2000c) Abnormal sodium stimulation of carnitine transport in primary 
carnitine deficiency. J Biol Chem 275:20782-20786 

Wang Y, Korman SH, Ye J, Gargus JJ, Gutman A, Taroni F, Garavaglia B, Longo N (2001) Phenotype and 
genotype variation in primary carnitine deficiency. Genet Med 3:387-392 
Wessler I, Kirkpatrick CJ, Racke K (1999) The cholinergic “pitfall”: acetylcholine, a universal cell mole- 
cule in biological systems, including humans. Clin Exp Pharmacol Physiol 26:198-205 
Wessler I, Roth E, Deutsch C, Brockerhoff P, Bittinger F, Kirkpatrick CJ, Kilbinger H (2001a) Release of 
nonneuronal acetylcholine from the isolated human placenta is mediated by organic cation trans- 
porters. Br J Pharmacol 134:951-956 



90 



Rev Physiol Biochem Pharmacol (2003) 150:36-90 



Wessler I, Roth E, Schwarze S, Weikel W, Bittinger F, Kirkpatrick CJ, Kilbinger H (2001b) Release of 
nonneuronal acetylcholine from the human placenta: difference to neuronal acetylcholine. Naunyn 
Schmiedebergs Arch Pharmacol 364:205-212 

Wolff NA, Werner A, Burkhardt S, Burckhardt G (1997) Expression cloning and characterization of a renal 
organic anion transporter from winter flounder. FEBS Letters 417:287-291 
Wolff NA, Griinwald B, Friedrich B, Lang F, Godehardt S, Burckhardt G (2001) Cationic amino acids in- 
volved in dicarboxylate binding of the flounder renal organic anion transporter. J Am Soc Nephrol 
12:2012-2018 

Wright EM, Loo DDF, Panayotova-Heiermann M, Hirayama BA, Turk E, Eskandari S, Lam JT (1998) 
Structure and function of the Na + /glucose cotransporter. Acta Physiol Scand 163:257-264 
Wright SH (1985) Transport of iV'-methylnicotinamide across brush border membrane vesicles from rabbit 
kidney. Am J Physiol Renal Physiol 249:F903-F911 

Wright SH, Wunz TM, Wunz TP (1992) A choline transporter in renal brush-border membrane vesicles: 
energetics and structural specificity. J Membrane Biol 126:51-65 
Wu X, Prasad PD, Leibach FH and Ganapathy V (1998a) cDNA sequence, transport function, and genomic 
organization of human OCTN2, a new member of the organic cation transporter family. Biochem Bio- 
phys Res Commun 246:589-595 

Wu X, Kekuda R, Huang W, Fei Y-J, Leibach FH, Chen J, Conway SJ, Ganapathy V (1998b) Identity of 
the organic cation transporter OCT3 as the extraneuronal monoamine transporter (uptake 2 ) and evi- 
dence for the expression of the transporter in the brain. J Biol Chem 273:32776-32786 
Wu X, Huang W, Prasad PD, Seth P, Rajan DP, Leibach FH, Chen J, Conway SJ, Ganapathy V (1999) 
Functional characteristics and tissue distribution pattern of organic cation transporter 2 (OCTN2), an 
organic cation/carnitine transporter. J Pharmacol Exp Ther 290:1482-1492 
Wu X, George RL, Huang W, Wang H, Conway SJ, Leibach FH, Ganapathy V (2000a) Structural and func- 
tional characteristics and tissue distribution pattern of rat OCTN 1 , an organic cation transporter, cloned 
from placenta. Biochim Biophys Acta 1466:315-327 

Wu X, Huang W, Ganapathy ME, Wang H, Kekuda R, Conway SJ, Leibach FH, Ganapathy V (2000b) 
Structure, function, and regional distribution of the organic cation transporter OCT3 in the kidney. Am 
J Physiol Renal Physiol 279:F449-F458 

Yabuuchi H, Tamai I, Nezu J-I, Sakamoto K, Oku A, Shimane M, Sai Y, Tsuji A (1999) Novel membrane 
transporter OCTN1 mediates multispecific, bidirectional, and pH-dependent transport of organic cat- 
ions. J Pharmacol Exp Ther 289:768-773 

Yamamura HI, Snyder SH (1972) Choline: high-affinity uptake by rat brain synaptosomes. Science 
178:626-628 

Yokogawa K, Yonekawa M, Tamai I, Ohashi R, Tatsumi Y, Higashi Y, Nomura M, Hashimoto N, Nikaido 
H, Hayakawa J, Nezu J, Oku A, Shimane M, Miyamoto K, Tsuji A (1999) Loss of wild-type carrier- 
mediated L-camitine transport activity in hepatocytes of juvenile visceral steatosis mice. Hepatology 
30:997-1001 

Yoshioka K (1984) Some properties of the thiamine uptake system in isolated rat hepatocytes. Biochim Bio- 
phys Acta 778:201-209 

Zhang L, Dresser MJ, Gray AT, Yost SC, Terashita S, Giacomini K M (1997a) Cloning and functional ex- 
pression of a human liver organic cation transporter. Mol Pharmacol 51:913-921 
Zhang L, Dresser MJ, Chun JK, Babbitt PC, Giacomini KM (1997b) Cloning and functional characteriza- 
tion of a rat renal organic cation transporter isoform (rOCTIA). J Biol Chem 272:16548-16554 
Zhang L, Brett CM, Giacomini KM (1998a) Role of organic cation transporters in drug absorption and 
elimination. Annu Rev Pharmacol Toxicol 38:431^-60 
Zhang L, Schaner ME, Giacomini KM (1998b) Functional characterization of an organic cation transporter 
(hOCTl) in a transiently transfected human cell line (HeLa). J Pharmacol Exp Ther 286:354-361 
Zhang L, Gorset W, Dresser MJ, Giacomini KM (1999) The interaction of n-tetra-alkylammonium com- 
pounds with a human organic cation transporter, hOCTl . J Pharmacol Exp Ther 288:1 192-1 198 
Zhang L, Gorset W, Washington CB, Blaschke TF, Kroetz DL, Giacomini KM (2000) Interactions of HIV 
protease inhibitors with a human organic cation transporter in a mammalian expression system. Drug 
Metab Dispos 28:329-334 

Zhang X, Evans KK, Wright SH (2002) Molecular cloning of rabbit organic cation transporter rbOCT2 and 
functional comparisons with rbOCTl. Am J Physiol Renal Physiol 283:F124-F133 
Zwart R, Verhaagh S, Buitelaar M, Popp-Snijders C, Barlow DP (2001) Impaired activity of the extraneu- 
ronal monoamine transporter system known as uptake-2 in Orct3/Slc22a3 - deficient mice. Mol Cell 
Biol 21 :41 88 — 4196 



Rev Physiol Biochem Pharmacol (2003) 150:91-139 
DOI 10.1007/sl0254-003-0019-8 



W. G. Wier • K. G. Morgan 

«i-Adrenergic signaling mechanisms in contraction 
of resistance arteries 



Published online: 17 July 2003 
© Springer- Verlag 2003 



Abstract Our goal in this review is to provide a comprehensive, integrated view of the 
numerous signaling pathways that are activated by a i -adrenoceptors and control actin- 
myosin interactions (i.e., crossbridge cycling and force generation) in mammalian arterial 
smooth muscle. These signaling pathways may be categorized broadly as leading either to 
thick (myosin) filament regulation or to thin (actin) filament regulation. Thick filament 
regulation encompasses both “Ca 2+ activation” and “Ca 2+ -sensitization” as it involves both 
activation of myosin light chain kinase (MLCK) by Ca 2+ -calmodulin and regulation of 
myosin light chain phosphatase (MLCP) activity. With respect to Ca 2+ activation, adrener- 
gically induced Ca 2+ transients in individual smooth muscle cells of intact arteries are now 
being shown by high resolution imaging to be sarcoplasmic reticulum-dependent asyn- 
chronous propagating Ca 2+ waves. These waves differ from the spatially uniform increases 
in [Ca 2+ ] previously assumed. Similarly, imaging during adrenergic activation has re- 
vealed the dynamic translocation, to membranes and other subcellular sites, of protein ki- 
nases (e.g., Ca 2+ -activated protein kinases, PKCs) that are involved in regulation of MLCP 
and thus in “Ca 2+ sensitization” of contraction. Thin filament regulation includes the pos- 
sible disinhibition of actin-myosin interactions by phosphorylation of CaD, possibly by 
mitogen-activated protein (MAP) kinases that are also translocated during adrenergic acti- 
vation. An hypothesis for the mechanisms of adrenergic activation of small arteries is ad- 
vanced. This involves asynchronous Ca 2+ waves in individual SMC, synchronous Ca 2+ os- 
cillations (at high levels of adrenergic activation), Ca 2+ sparks, “Ca 2+ -sensitization” by 
PKC and Rho-associated kinase (ROK), and thin filament mechanisms. 
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Preview 

Our intention in this review is to derive an updated, comprehensive hypothesis on the 
mechanisms of force generation and signal transduction during a 1 -adrenoceptor-mediated 
activation of mammalian arterial smooth muscle. We will focus particularly on small arte- 
ries, as these strongly influence total peripheral resistance. Of course, changes in the con- 
centration of intracellular calcium ions ([Ca 2+ ];) have a major role in adrenergic signaling, 
as the primary activator of contraction in smooth muscle is the Ca 2+ -calmodulin complex. 
In this regard, the relatively recent application of confocal Ca 2+ imaging in intact arteries 
has revealed a rich new set of subcellular Ca 2+ signals: waves, oscillations, sparks, mi- 
crosparks, flashes, and ripples. Most of these data were unavailable at the time of the last 
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major reviews of Ca 2+ in smooth muscle function (Horowitz et al. 1996; Karaki et al. 
1997; however, see Sanders 2001; Lee et al. 2002a). Similarly, recent experiments on per- 
meabilized arteries and single isolated cells have revealed the presence and characteristics 
of biochemical systems that change the relationship between [Ca 2+ ]j and contraction (viz. 
Ca 2+ -sensitization or Ca 2+ -desensitization). Yet, the contributions and interactions of the 
different protein kinases (e.g., protein kinase C, rho-associated kinase, mitogen-activated 
protein kinases) in influencing Ca 2+ sensitivity during normal adrenergically activated 
contractions of arteries in situ are largely unknown. Finally, certain thin filament-associat- 
ed proteins [CaD, calponin (CaP)] may modulate crossbridge cycling during adrenergic 
activation, and crossbridges may cycle slowly (the “latch” state). These mechanisms also 
influence apparent “Ca 2+ sensitivity.” Ultimately, of course, all the mechanisms activated 
by adrenergic stimulation that influence contraction must converge on the muscle cross- 
bridges, formed by the interaction of thick (myosin) and thin (actin) filaments. It seemed 
natural, therefore, also to divide adrenergic signaling into the two broad categories of 
“thick filament regulation” and “thin filament regulation” (c.f. Morgan and Gangopadhyay 
2001). Thus, we have focused in this review on describing Ca 2+ signaling and associated 
events, and on the mechanisms of thick and thin filament regulation. Of course, the goal 
of providing a quantitative description of all these processes during adrenergic activation 
will certainly not be reached for some time yet. Nevertheless, our goal here is to provide a 
unified accounting, with respect to Ca 2+ and the biochemical systems, of what is presently 
known with respect to a \ -adrenoceptor-mediated regulation of crossbridge cycling and 
hence, changes in arterial diameter. 



Overviews 

oq-Adrenergic activation 

Physiologically, arterial diameter is regulated in large part by the sympathetic nervous sys- 
tem, in which the major a \ -adrenoceptor agonist, norepinephrine (NE) is released from 
sympathetic nerves within the artery wall. Most experimental studies of cq-adrenergic ac- 
tivation of resistance arteries, however, have utilized application of exogenous (i.e., bath- 
applied) adrenergic agonists, such as NE or the synthetic compound, phenylephrine (PE). 
In this regard, bath application of a relatively specific cq-receptor agonist, such as PE, cer- 
tainly does not mimic the release of NE, ATP, and vasoactive peptides at specialized sym- 
pathetic neuro-effector junctions (reviewed in Hirst and Edwards 1989; Mulvany and 
Aalkjaer 1990). Furthermore, as the type and distribution of receptors and innervation var- 
ies with species and vascular beds, it may be expected that the physiological relevance of 
bath-applied oq-adrenergic agonists will also vary. Nevertheless, the maximal achievable 
isotonic contraction of rat mesenteric small arteries has been found to be the same for neu- 
ronal stimulation and for exogenously applied NE (Nilsson et al. 1986). In rat mesenteric 
small arteries, an initial small transient component of the contraction has been attributed 
to activation of purinergic (P2X) receptors (see Gitterman and Evans 2001 for recent 
work), and the contribution of this component is greater in small arteries than in larger 
ones. Furthermore, stimulation of sympathetic perivascular nerves produces localized 
postjunctional Ca 2+ transients (termed jCaTs; Lamont and Wier 2002) in arterial smooth 
muscle cells. Such Ca 2+ transients, which certainly are a component of contractile activa- 
tion by the sympathetic nervous system, are not observed during bath application of cq-ad- 
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renergic agonists. Thus, bath-application of specific a \ -adrenoceptor agonists, such as PE, 
to isolated rat mesenteric arteries provides a convenient method to activate a \ -adrenergic 
receptors, but does not mimic entirely the physiological activation of contraction by sym- 
pathetic neuronal activity. 

The major biochemical events occurring after « preceptor occupation in vascular 
smooth muscle are well known (for recent reviews, see Somlyo and Somlyo 2000; Zhong 
and Minneman 1999) and will be reiterated here only briefly. Phospholipase C (PLC) is 
activated by the G protein Ga,q to hydrolyze phosphatidylinositol-bis-phosphate to inosi- 
tol 1,4,5-trisphosphate (InsP 3 ) and diacylglycerol (DAG), which activates PKC. Ca 2+ sig- 
naling is initiated directly by InsP 3 , as Ca 2+ is released from the sarcoplasmic reticulum 
(SR) subsequent to binding of InsP 3 to its receptors (SR Ca 2+ release channels). Protein 
kinase signaling cascades, which may ultimately also influence crossbridge cycling, are 
initiated by the activation of conventional PKCs (viz. those that require both Ca 2+ and 
DAG, such as a, ft) and novel PKCs (viz. those that require only DAG, such as £). PKCs 
may also be upstream regulators of numerous kinases, including MLCK, ERK1/2, rho- ki- 
nase (pl60ROCK), and CaMKinase II, as well as various ion channels and ion trans- 
porters. In addition, rho - kinase may be activated more directly, with effects on crossbridge 
cycling, through a mechanism involving Ga,q and the nucleotide exchange factor (GEF), 
and CaMKinase II may be activated directly by the Ca 2+ increase. 

Force generation in smooth muscle is the result of crossbridge cycling, and for smooth 
muscle crossbridges to begin to cycle, the regulatory light chain of smooth muscle myosin 
(MLC 20 ) must be phosphorylated. The major mechanism of MLC 20 phosphorylation is 
MLCK, which is activated by Ca 2+ -calmodulin. Dephosphorylation of MLC 20 -P is mediat- 
ed by smooth muscle myosin phosphatase (MP, MLCP, or SMPP-1 M). Dephosphorylated 
crossbridges may cycle slowly (i.e., the “latch” state). The activity of MLCP is regulated 
by signaling cascades involving both PKC and R/ 70 -kinase. “Ca 2+ sensitization of the my- 
ofilaments” can result from decreased activity of MLCP and therefore, increased MLC 20 - 
P, for a given [Ca 2+ ]i. Finally, “Ca 2+ sensitization” may also be produced by removal of 
inhibitory influences on crossbridge cycling. This is mediated by thin filament-associated 
proteins (CaD) that are regulated by signaling cascades perhaps involving PKC and the 
MAP kinases, ERK1/2. 



Selected aspects of arterial smooth muscle ultrastructure 

As stated just above, our intention in this review is to focus on the phenomenology of 
adrenergically stimulated Ca 2+ signaling and other mechanisms controlling contraction. 
This necessitates a brief review of the ultrastructure of vascular smooth muscle, with par- 
ticular emphasis on the SR and the caveolae of the surface membrane (plasmalemma, PL). 
We show later in this review (in the section entitled “Revision”) that Ca 2+ signals thought 
previously to be directly related to Ca 2+ influx through the plasmalemma in fact arise from 
cyclical release of Ca 2+ from the SR. Similarly, an important role of caveolae in adrenergic 
signaling is now indicated by the fact that rho- A, r/ 70 -associated kinase (ROK), and PKC- 
a, all putatively involved in Ca 2+ sensitization of contraction are translocated to the mem- 
brane after adrenergic activation (Taggart et al. 1999), and this translocation is inhibited 
by the presence of caveolin-1 scaffolding domain peptide (Taggart et al. 2000), indicating 
the importance of caveolae. 
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Caveolae 

Caveolae are enriched in receptors, ion channels (e.g., Ca 2+ channels or DHP receptors), 
signal transducers (e.g., G a, G/J, DAG, PKC-a, calmodulin), and effector molecules, such 
as adenylyl cyclase and MAP kinase (for review, see Shaul and Anderson 1998). In gener- 
al, caveolae in vascular smooth muscle may be sites for the integration of events linking 
extracellular stimuli and intracellular effectors (see Taggart 2001). In fact, it has been sug- 
gested (Taggart 2001) that “receptor-coupled stimulation of smooth muscle involves both 
an increase in [Ca 2+ ]j and plasma membranous recruitment (to caveolae) of signaling mo- 
lecules important for Ca 2+ -sensitization of force production.’" Thus, the translocation of 
PKCe and MAP kinase to the membrane (Khalil and Morgan 1993) may involve caveolae, 
but the images lacked the resolution to show this definitively. The translocation of rho - A 
to the membrane after agonist stimulation has also been shown with biochemical binding 
studies (Gong et al. 1997), and it seems likely that caveolae are involved. Finally, caveolae 
may play a particularly important role in the generation of Ca 2+ sparks, as they are known 
to contain L-type Ca 2+ channels and exist in close juxtaposition to the SR, which contains 
the RyR. Disruption of caveolae by methyL/J-cyclodextrin (dextrin), which depletes the 
caveolar membrane of cholesterol, reduced the frequency of Ca 2+ sparks in rat arterial 
smooth muscle cells (Shaul and Anderson 1998; Lohn et al. 2000). Caveolae are known to 
be enriched in /J-adrenergic receptors, but the presence of a-adrenergic receptors in caveo- 
lae has not, to our knowledge, been demonstrated. 



Sarcoplasmic reticulum 

The sarcoplasmic reticulum (SR) of mammalian vascular smooth muscle comprises an ex- 
tensive network throughout the cytoplasm, also enveloping the nucleus and mitochondria 
(Lesh et al. 1998). In rabbit portal vein myocytes, the superficial SR appears to be ar- 
ranged spirally (Gordienko et al. 2001). The superficial SR makes surface coupling with 
the plasmalemma, and may be penetrated by the caveolae. Areas of very close apposition 
(«15 nm) between SR and PL (Somlyo and Franzini- Armstrong 1985) may provide the 
places for interactions between PL entities, such as ion channels and transporters, and cor- 
responding SR entities, as well as providing a space in which diffusion of ions or other 
substances may be slowed. SR deep in the smooth muscle cell, on the other hand, will be 
in less direct communication with the surface membrane. In general, it is now recognized 
that the SR plays an exceedingly complex role in regulation of smooth muscle contraction, 
able to mediate both relaxation (through Ca 2+ sparks and Ca 2+ uptake; Nelson et al. 1995; 
Lee et al. 2002a), and contraction (through agonist-induced release of Ca 2+ ). Furthermore, 
the SR may be able to intercept Ca 2+ entering the cell via the PL, a salient feature of the 
superficial buffer barrier (SBB) hypothesis (see Van Breemen et al. 1995). For purposes of 
this overview, several functions of the SR may be noted as being particularly relevant to 
adrenergic signaling: (a) the release of Ca 2+ through RyR, which activates large conduc- 
tance K + (BK) channels, (b) the release of Ca 2+ through L 1 SP 3 R, which generates Ca 2+ 
waves and may also, under certain circumstances, short circuit the SR, allowing Ca 2+ en- 
tering the cell to penetrate past the SR into the myoplasm, (c) communication with store- 
operated channels (SOC) through which Na + (Arnon et al. 2000) and/or Ca 2+ may enter 
when the SR becomes depleted of Ca 2+ , and (d) the uptake of Ca 2+ from the cytoplasm, 
permitting relaxation and store refilling. Indeed, the SR is proposed to “deliver” Ca 2+ to 
the myofilaments, where calmodulin (CaM) is bound (Wilson et al. 2002). It has also been 
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proposed that there are specialized junctions between plasmalemma and junctional regions 
of the SR, PL-jSR junctions, which together constitute a functional unit, the PlasmaERo- 
some (see Blaustein et al. 2002). Numerous molecular interactions occur at junctions be- 
tween the plasma membrane and the SR, including an interaction between the InsP 3 recep- 
tor and Trp proteins, which may mediate store-operated Ca 2+ entry, now increasingly be- 
ing recognized as important in smooth muscle function (see Beech 2002), including the 
response to adrenergic agonists (Lee et al. 2002b; Zhang et al. 2002). We note that the role 
of the SR may be investigated now more definitively than in the past, as techniques have 
been developed to monitor SR [Ca 2+ ] levels (Shmigol et al. 2001; Golovina and Blaustein 
1997). 

The SR of vascular smooth muscle contains both InsP 3 receptors (three isoforms), and 
ryanodine receptors (three isoforms: RyRl, RyR2, RyR3). These release channels may ex- 
ist in several different locations in the SR, and may release Ca 2+ from functionally sepa- 
rate stores within the SR. Thus, through selective activation of spatially localized SR Ca 2+ 
release, different functions, such as both contraction and relaxation, may be served. Imrnu- 
nohistochemical localization of RyR in aortic cells reveals RyR in both central and periph- 
eral SR (Lesh et al. 1998). As noted by lino (lino 2002), Ca 2+ is the activator of both RyR 
and InsP 3 receptors, thus creating the possibility of channel crosstalk (Gordienko and Bol- 
ton 2002). Functional evidence, such as gained from studies of Ca 2+ release, has been used 
to suggest almost every possible different arrangement of RyR and InsP 3 R on the SR: (a) a 
single store, containing both InsP 3 R and RyR, (b) two separate stores, each containing 
only RyR or only InsPiR, (c) two separate stores, one containing both, the other only 
InsP 3 R, and (d) two stores, one containing both, the other only RyR (for a recent summary 
of these data, see Flynn et al. 2001). Even within the arterial smooth muscle of the same 
animal (dog), the functional evidence favors different arrangements in different arteries: 
Acutely isolated single canine pulmonary artery smooth muscle cells are thought to pos- 
sess stores of type 3 above (RyR and InsP 3 R on completely separate stores), while canine 
renal artery myocytes are thought to possess a store of type 1 above (both RyR and InsP 3 R 
on the same store; Janiak et al. 2001). Cultured rat aortic cells are thought to have two 
separate Ca 2+ stores (Tribe et al. 1994), but the arrangement of the SR of smooth muscle 
cells in culture is markedly different from that in intact arteries, perhaps changing as the 
cells move from the contractile phenotype to the proliferative phenotype. In both acutely 
isolated rat mesenteric artery myocytes, however (Baro and Eisner 1995), and in intact rat 
mesenteric arteries (Zang et al. 2001; C. Lamont and W.G. Wier, unpublished data), the 
evidence favors two functionally separate Ca 2+ stores, one containing both RyR and 
InsP 3 R, and one containing only RyR. Recently, an elegant and conclusive study of the 
Ca 2+ stores in at least one other type of smooth muscle, colonic, reached a similar conclu- 
sion (Flynn et al. 2001). 



Calcium signaling 

Revision 

Our conception of Ca 2+ signaling in VSMC during adrenergic activation has undergone re- 
vision recently because of confocal imaging of [Ca 2+ ]j within single smooth muscle cells 
in the arterial wall (lino et al.1994; Kasai et al.1997; Miriel et al. 1999; Ruehlmann et al. 
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Fig. 1A-D Spatio-temporal changes in [Ca 2+ ] elicited by a high concentration of the a \ -adrenoceptor ago- 
nist, PE, in the individual smooth muscle cells of a rat small artery. A Images of fluo-4 fluorescence before 
(a), during ( b-e ), and after (f) exposure to PE (5.0 pM). The full sequence of 480 images is also available 
as a video clip (see video file), in the supplementary material of this publication and in the original publica- 
tion (Zang et al. 2001). Image b shows the initial, brief, homogeneous rise in Ca 2+ occurring within seconds 
of exposure to PE. Images c-f show the asynchronous Ca 2+ waves within individual SMC. B “Virtual” line- 
scan image constructed from the same sequence of 480 images. Upward arrowheads in this figure indicate 
the time of application of PE. Dotted line in a (A) gives the position of the virtual scan-line. Ca 2+ waves 
within individual SMC are evident as the periodic increases in fluorescence within each cell. Note that the 
Ca 2+ waves within neighboring cells do not appear to be correlated (i.e., are asynchronous), and that the 
frequency of the Ca 2+ waves declines with time during the maintained presence of PE. C Line-plots of fluo- 
4 fluorescence of individual cells obtained from the virtual line-scan image at the places indicated by the 
arrows. D The single trace represents the time course of the spatial average [Ca 2+ ] during the sequence of 
480 images. The trace is the average fluo-4 fluorescence within the entire image. This is representative of 
the recording of fluo-4 fluorescence that would be obtained without any spatial resolution, i.e., as if fluo-4 
fluorescence had been recorded without imaging. (From Zang et al. 2001) 



2000; Mauban et al. 2001; Zang et al. 2001; see “Appendix” for a discussion of the metho- 
dology of imaging Ca 2+ in arteries). The images in Fig. 1 (Zang et al. 2001) illustrate both 
the old view of Ca 2+ signals, and the new. The trace in Fig. ID represents the spatially av- 
eraged Ca 2+ -dependent fluorescence from the sequence of confocal images of the arterial 
wall in Fig. 1A. It is similar, therefore, to what had been recorded previously, using Ca 2+ 
indicators such as fura-2 and aequorin, neither of which normally provides a spatially re- 
solved signal (although fura-2 can provide an image in thin cells). This type of signal 
(Fig. ID) gave rise to the concept that [Ca 2+ ]j increases transiently and then declines to 
suprabasal levels. Many studies have shown that the initial transient increase in [Ca 2+ ]i 
arises from Ca 2+ released from internal sites (SR), and that the later maintained elevation 
of [Ca 2+ ]i is dependent on external Ca 2+ (as it is blocked or inhibited by agents that inter- 
fere with entry of Ca 2+ through L-type Ca 2+ channels, and through ROC or SOC channels). 
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The spatially resolved images (Fig. 1A, B, linescan) of Ca 2+ within individual cells present 
quite a different picture of Ca 2+ signals, however, particularly during the maintained eleva- 
tion of spatially averaged [Ca 2+ ]j. Within individual cells, [Ca 2+ ] is actually undergoing 
the pattern of “baseline spiking,” in which changes in [Ca 2+ ] propagate as waves through 
the cells. Within individual cells, there is very little steady elevation of [Ca 2+ ];. The data 
in Fig. 1 make apparent the fact that the elevation of average [Ca 2+ ]j seen with indicators 
such as fura-2 and aequorin, is due to the summation of asynchronous Ca 2+ waves within 
the many SMC of the vascular wall. Furthermore, the necessity for Ca 2+ influx during the 
maintained phase of the average Ca 2+ signal may now be ascribed to the necessity of re- 
plenishing the SR after it periodically releases Ca 2+ during propagated Ca 2+ waves. Thus, 
the role of the SR must be expanded significantly in our conception of Ca 2+ signaling. At 
high levels of agonist stimulation, isometric or isobaric resistance arteries often develop 
oscillatory contraction or vasomotion. The Ca 2+ signals accompanying this type of activity 
are distinct from the asynchronous Ca 2+ waves discussed above (see “Adrenergically stim- 
ulated asynchronous Ca 2+ waves”), and we have termed these Ca 2+ transients synchronous 
Ca 2+ oscillations (Mauban et al. 2001). Their cellular mechanism remains to be deter- 
mined, although an hypothesis for the mechanism of their initiation has been advanced re- 
cently (Peng et al. 2001; Sell et al. 2002). 

It is important to note also that the Ca 2+ signals of individual VSMC within the walls of 
intact pressurized rat mesenteric arteries are different from those observed previously in 
enzymatically dissociated single rat mesenteric artery smooth muscle cells. Adrenergic ac- 
tivation of single isolated cells causes a single transient Ca 2+ spike, which then declines to 
a level that is elevated above basal in the continued presence of the agonist (Baro and Eis- 
ner 1992, 1995; Baro et al. 1993). The reasons for the absence of repetitive Ca 2+ waves in 
isolated cells are not known. While certain transformed smooth muscle cells (e.g., A7r5) 
do produce repetitive Ca 2+ spikes (Blatter and Wier 1992), these cells are different from 
intact arterial cells in many ways. 

In summary, the notion that [Ca 2+ ]j falls to steady, slightly elevated levels during main- 
tained agonist action is not supported by the recent images of Ca 2+ within single cells of 
intact arteries. Nevertheless, the efficacy of the asynchronous Ca 2+ waves in activating 
contraction via phosphorylation of MLC 20 is also not known. Thus, the relative contribu- 
tions of Ca 2+ activation and Ca 2+ sensitization, particularly during tonic vasoconstriction, 
are not known. In the sections that follow, we review the available data on Ca 2+ signaling 
during adrenergic activation of mammalian arteries. In general, this signaling involves 
asynchronous propagating Ca 2+ waves, synchronous, spatially uniform Ca 2+ oscillations, 
and Ca 2+ sparks. 



Adrenergically stimulated asynchronous Ca 2+ waves 

The first indication that adrenergic Ca 2+ signaling in intact arteries can involve asyn- 
chronous Ca 2+ waves, rather than spatially uniform changes in [Ca 2+ ]i, came from the sem- 
inal study of lino and his colleagues (lino et al. 1994). These authors were the first to ap- 
ply confocal microscopy to an intact preparation of mammalian artery. They used seg- 
ments of rat tail artery which were stretched over flattened glass tubes. This helped immo- 
bilize the smooth muscle cells and provided an extended, flat preparation that could be 
placed close to the bottom of a recording chamber. Endothelium, smooth muscle cells, and 
perivascular nerves could all be visualized separately by changing the plane of focus (i.e., 
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Fig. 2A, B Ca 2+ and contraction recorded simultaneously during the stimulation of a pressurized 
(70 mmHg) rat mesenteric artery with PE (300 nM). A "Radial’' view images of the arterial wall before 
(top), during (middle f rames) and after removal of PE (bottom). SMC are seen in crosssection. Fluorescence 
intensity, indicating Ca 2+ -dependent fluo-4 fluorescence, is represented with the color bar ([Ca 2+ ] increases 
with color from bottom to top of the color bar). B (a) Relative position of the arterial wall, as determined 
from images in A, in response to stimulation. The horizontal field-of-view is 150 //M, with the center of the 
artery to the left. B (b) Red and black traces in b (B) indicate fluorescence from two identified cells that 
could be followed throughout the experiment. Note that the fluorescence changes during the vasoconstric- 
tion are distinctly asynchronous amongst different cells. The full video sequence from which the images in 
A were obtained is available as supplementary data in the original publication. (Mauban et al. 2001) 



the confocal optical section). The possibility of any small motion was eliminated through 
the use of cytochalasin D (5.0 /uM). Stimulation of the perivascular nerves (e.g., 300 pulses 
at 5 Hz) evoked asynchronous Ca 2+ waves that propagated within individual cells (veloci- 
ty, ~20 f m/s). Application of noradrenaline in the bath (e.g., 3.0 ,uM) produced similar 
Ca 2+ signals. Ryanodine (applied transiently and simultaneously with 50 mM caffeine) 
blocked the asynchronous Ca 2+ waves. The frequency of the asynchronous Ca 2+ waves in- 
creased with the concentration of bath-applied noradrenaline. Asynchronous Ca 2+ waves 
elicited by adrenergic stimulation (Fig. 2) have now been reported again in immobilized 
rat tail arteries (Kasai et al. 1997; Asada et al. 1999; Zang et al. 2001), in isobaric rat me- 
senteric small arteries (Miriel et al.1999; Mauban et al. 2001; Peng et al. 2001) and in im- 
mobilized rat inferior vena cava (IVC; Ruehlmann et al. 2000; Lee et al. 2001). As dis- 
cussed in more detail later (Appendix), we believe that the isobaric small artery (constant 
transmural pressure) is an experimental preparation in a nearly physiological condition. 
Thus, the experimental demonstration of asynchronous Ca 2+ waves during adrenergically- 
stimulated decrease in diameter of a pressurized small artery at mammalian temperature 
(Fig. 2; Mauban et al. 2001) establishes, unequivocally, the physiological relevance of 
these Ca 2+ signals. 

Despite the unequivocal occurrence of Ca 2+ waves during vasoconstriction, it is not yet 
completely clear to what extent the asynchronous Ca 2+ waves are actually involved in acti- 
vating contraction. For example, the possibility exists that such waves, because of their 
brevity, might be relatively less effective, without a background of ”Ca 2+ sensitization.” A 
spatially heterogenous pattern of contractile activation within the arterial wall might be 
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less effective than a spatially uniform pattern. The frequency of the Ca 2+ waves does in- 
crease, however, as a function of the concentration of agonist (PE). It was suggested, after 
their first observation (lino et al. 1994), that “a graded response to different levels of the 
sympathetic transmitter (Bao and Stjarne 1993) seems to be accomplished not by a graded 
response within each muscle cell, but by a graded number of active cells within the vascu- 
lar wall.” This observation has been confirmed in a more recent and detailed study, also 
using immobilized rat mesenteric arteries; increasing concentrations of PE (0.1-10.0 ft M ) 
were associated with increasing numbers of cells that produce asynchronous Ca 2+ waves 
and increasing frequency of Ca 2+ waves (Zang et al. 2001). Strong support for a role of 
asynchronous Ca 2+ waves in activating contraction of vascular smooth muscle comes from 
a series of studies (Ruehlmann et al. 2000; Lee et al. 2001; Lee et al. 2002a) in which 
Ca 2+ was imaged confocally in isometrically mounted, de-endothelialized, everted rings of 
rabbit IVC. Increasing concentrations of PE were associated with a graded contraction, 
and with a graded recruitment of cells to produce asynchronous Ca 2+ waves, and an in- 
crease in the frequency of the waves (Ruehlmann et al. 2000; Lee et al. 2002a). Applica- 
tion of the putative blocker of store-operated channels, SKF96365, in the presence of PE 
and nifedipine, abolished both Ca 2+ waves and contractile force. Thus, the data from large 
veins (IVC) indicate that asynchronous propagating Ca 2+ waves play a role in activating 
contraction. Even so, it has been reported recently that Ca 2+ waves do not occur during the 
tonic phase of agonist-induced contraction of human saphenous vein (Crowley et al. 
2002). In that tissue, tonic contraction seems to be maintained by an increase in Ca 2+ sen- 
sitivity, mediated by rho kinase and tyrosine phosphorylation. On an apparently contrary 
note, it has been concluded recently that the net effect of asynchronous Ca 2+ waves (and 
Ca 2+ sparks) induced by pressure in rat cerebral arteries, is “to oppose contraction” (Jaggar 
2001; note that this statement applies to pressure-induced Ca 2+ waves, not agonist-induced 
waves; such Ca 2+ waves could have a different mechanism and effect). 



Mechanisms of agonist-stimulated asynchronous Ca 2+ waves 
Ca 2+ release: RyR and InsP <R 

The fact that adrenergic agonists induce asynchronous propagating Ca 2+ waves in small 
arteries is now well established. A major question remaining, however, is the identity of 
the SR Ca 2+ release channels that are involved. The waves could, in theory, propagate via 
InsP 3 -induced Ca 2+ release (IICR), involving InsP 3 receptors, or via Ca 2+ -induced Ca 2+ re- 
lease (CICR), involving ryanodine receptors, or a combination of both (Blatter and Wier 
1992). It was proposed originally (lino et al. 1994) that the asynchronous Ca 2+ waves 
propagate mainly, or even exclusively, via sequential InsP 3 -induced Ca 2+ release (lino et 
al. 1994). According to this mechanism, the agonist elevates the concentration of InsP 3 
throughout the cell, lowering the threshold for Ca 2+ activation of release through the InsP 3 
receptor. As Ca 2+ is released, first from some particular location, some of it diffuses on- 
ward to neighboring InsP 3 receptors, where it induces further release, with the result that a 
change of Ca 2+ propagates through the cell (i.e., a Ca 2+ wave). In support of this type of 
mechanism, interesting new evidence is that arteries lacking functional ryanodine recep- 
tors, as judged by the lack of response to caffeine and an absence of Ca 2+ sparks, produce 
Ca 2+ waves in response to noradrenaline that are identical to those produced by normal ar- 
teries (Dreja et al. 2001). (Arteries in this condition were produced by chronic exposure to 



Rev Physiol Biochem Pharmacol (2003) 150:91-139 



101 



ryanodine; the means by which this produces nonfunctional ryanodine receptors is un- 
known.) This result implies that RyR are not necessarily involved in the asynchronous 
propagating Ca 2+ waves. On the other hand, recent evidence for the involvement of RyR 
in Ca 2+ waves of rat mesenteric arteries (Peng et al. 2001) was that ryanodine abolished 
both asynchronous Ca 2+ waves and synchronous Ca 2+ oscillations. Interpretation of this re- 
sult should consider the fact that ryanodine is capable of depleting all Ca 2+ stores in vascu- 
lar smooth muscle (i.e., those releasable by caffeine, InsP 3 , and the Ca 2+ ionophore, 
A23187; Hwang and Van Breemen 1987; Kanmura et al. 1988). We note that interpreta- 
tion of the effects of ryanodine is problematic, because previous reports on the effects of 
ryanodine are apparently contradictory, including: (a) an increase in the contraction and 
an abolition of vasomotion (Gustafsson et al. 1994), (b) a promotion of vasomotion where 
it had not occurred before (Omote et al. 1993), (c) little affect other than on the rate at 
which the calcium and force levels were attained (Garcha and Hughes 1995; Julou-Schaef- 
fer and Freslon 1988), and (d) intermediate responses (Ashida et al. 1988; Boittin et al. 
1999). In summary, the possible involvement of RyR in Ca 2+ waves in arterial muscle re- 
mains unclear. In venous myocytes, on the other hand, rather convincing evidence was ob- 
tained that spontaneous Ca 2+ release (due to basal activity of phospholipase C, PLC) and 
spontaneous propagating Ca 2+ waves in those cells involves “loose coupling” and “cross- 
talk” between RyR and InsP j receptors (Gordienko and Bolton 2002). Direct evidence on 
the involvement of InsP 3 receptors derives mainly from the use of putative blockers of the 
InsP 3 -receptor, such as 2-aminoethoxydiphenylborate (2-APB) and Xestospongin C (Gor- 
dienko and Bolton 2002). 2-APB abolishes asynchronous Ca 2+ waves in rabbit IVC (Lee 
et al. 2002b) and in pressurized rat mesenteric small arteries (C. Lamont and W.G. Wier, 
unpublished data). Similar to the issue with ryanodine, however, 2-APB may also deplete 
Ca 2+ stores, by blocking Ca 2+ entry through store-operated-channels (SOCs; see “Ca 2+ in- 
flux: ROCs, SOCs, VOCs, and NCX”). 

Recently, a detailed hypothesis on the mechanism of agonist-induced asynchronous 
propagating Ca 2+ waves has been described by Van Breemen and his colleagues (Lee et 
al. 2002a). Particularly noteworthy is their suggestion that Ca 2+ is released through InsP 3 
receptors located mainly in “radial” SR, near CaM that is tethered to the myofilaments. In 
this scheme, Ca 2+ entering the cell is prevented from occupying a “myosin-poor” space 
near the membrane, because it is taken up by SERCA and delivered by radial SR (during a 
Ca 2+ wave) to the “myosin-rich” space in the interior of the cell. The authors note that this 
scheme can provide an explanation for the observation that inhibition of SERCA changes 
the relationship between spatial average [Ca 2+ ] and force by allowing Ca 2+ to occupy the 
“myosin-poor” space. It may be possible to verify this hypothesis directly, by confocal im- 
aging Ca 2+ . 



Ca 2+ influx: ROCs, SOCs, VOCs, and NCX 

Whether or not the release of Ca 2+ involves RyR in addition to the InsP3 receptors, Ca 2+ 
influx will be required after a wave, because a fraction of the Ca 2+ that is released is then 
extruded from the cell, via the forward mode of the Na/Ca exchanger (NCX) and via the 
plasmalemma Ca 2+ pumping ATPase (PMCA). In intact arteries, Ca 2+ stores are reported 
to refill, in the maintained presence of agonist, by at least three mechanisms (Lagaud et al. 
1999): (a) the Na/Ca exchanger, (b) channels that are insensitive to nitrendipine, but are 
blocked by SKF 96365 (SOCs), and (c) nitrendipine-sensitive channels (presumably volt- 
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age-dependent L-type Ca 2+ channels) that are activated by tyrosine kinase. Voltage-depen- 
dent Ca 2+ channels may also be activated by depolarization and contribute Ca 2+ influx for 
refilling the SR. Recent evidence points to a surprisingly important role for SOCs, howev- 
er, in maintaining adrenergically-activated contraction, as described next. 

In rat mesenteric small arteries, elevation to 10.0 mM of external Mg 2+ , blocks SOCs 
(Hoth and Penner 1993), and rapidly abolishes PE-induced Ca 2+ waves (Zhang et al. 2002) 
during the tonic phase of the agonist-induced contraction. Similarly, agonist-induced Ca 2+ 
waves in rabbit inferior vena cavae are abolished by 2-APB (Lee et al. 2002b), a blocker 
of SOCs (Diver et al. 2001) and InsP 3 receptors. Interpretation of these results is problem- 
atic because the relative efficacy of 2-APB in blocking SOCs and InsP;R is unknown and 
because 2-APB may also block SERCA directly (Missiaen et al. 2001). The existence and 
operation of SOCs in rat mesenteric small arteries may be demonstrated by store-depletion 
protocols. Readmission of Ca 2+ to an artery depleted of its Ca 2+ stores by exposure to the 
Ca 2+ chelating compound, TPEN, is accompanied by a transient contraction (Zhang et al. 
2002). This is conventionally attributed to entry of Ca 2+ through SOCs, as a result of acti- 
vation of SOCs by store depletion. 

Electrophysiological studies show that adrenergic stimulation (noradrenaline) activates 
a nonselective cation current in rabbit portal vein myocytes (Aromolaran et al. 2000), and 
evidence was obtained that the channel conducts Ca 2+ , and is a SOC (Albert and Large 
2002). Nevertheless, studies in excised patches showed that this channel can also be acti- 
vated independently of store depletion, by PKC activators. The fact that a channel may be 
activated by store depletion, as well as by receptor-associated mechanisms, blurs the dis- 
tinction between an SOC and a ROC (see Beech 2002 for a recent “perspective” on these 
results). 

The mechanisms of Ca 2+ entry after store depletion, however, do not seem to be simply 
Ca 2+ entry directly through SOCs or ROCs. Rather, Ca 2+ entry is thought to occur through 
the Na/Ca exchanger and through voltage-dependent Ca 2+ channels, secondarily to entry 
of Na 2+ through nonselective SOCs. In this case, accumulation of Na 2+ in the sub-PL space 
would activate the NCX in reverse mode (Arnon et al. 2000), and depolarization resulting 
from Na + and Ca 2+ through SOCs would activate voltage-dependent Ca 2+ channels. In- 
deed, it has been proposed that the basis of a i -adrenergic activation of venous smooth 
muscle is the initial opening of InsP 3 receptors of the SR (resulting in store depletion), fol- 
lowed by opening of SOCs and inward current, depolarization, and further Ca 2+ entry 
through NCX and voltage-dependent Ca 2+ channels (Lee et al. 2002b). 

Surprisingly, nifedipine completely blocked the contraction (Zhang et al. 2002) that fol- 
lows readmission of external Ca 2+ after store depletion. Within the context of the informa- 
tion given above, two possible explanations are: (a) nifedipine blocks SOCs, (b) nifedipine 
blocks voltage-gated Ca 2+ channels that are activated secondarily by depolarization that 
results from inward current through SOCs. Explanation (b) implies either that Ca 2+ entry 
through SOCs is negligible (current would be carried by Na + instead), or that the Ca 2+ that 
does enter through SOCs, does not become available for contraction. [It has been proposed 
that the Ca 2+ that enters through SOCs of rabbit arteriolar smooth muscle enters into a 
“noncontractile” compartment (Flemming et al. 2002), perhaps the “myosin-poor” space 
mentioned (see “Ca 2+ release: RyR and InsP 3 R”).] Although the dihydropyridines (DHPs) 
such as nifedipine are widely viewed as selective blockers of L-type Ca 2+ channels (Fleck- 
enstein-Grun 1996; Schwartz 1994; Van Zweiten and Pfallendorf 1993) and thus are po- 
tentially useful in distinguishing the role of L-type Ca 2+ channels from other channels. 
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there are reports that DHPs may block other Ca 2+ entry channels including SOCs and/or 
ROCs (Cauvin et al. 1988; Curtis and Scholfield 2001; Stepien and Marche 2000; Zhang 
et al. 2002). These results raise the possibility that effects of nifedipine may be due to the 
blocking of SOC, as well as L-type Ca 2+ channels. 

The role of the Na/Ca exchanger in Ca 2+ entry to support SR-dependent Ca 2+ waves in 
IVC has also been demonstrated recently in Ca 2+ imaging studies. Ca 2+ waves in IVC pre- 
exposed to nifedipine and activated by PE (5.0 pM) were abolished by the NCX inhibitor, 
2,4-dichlorobenzamil (2,4-DCB; Lee et al. 2002b). (In IVC, nifedipine alone reduces the 
frequency of agonist-induced waves to about half, compared to control.) This result indi- 
cates the essential role of NCX in refilling Ca 2+ stores during agonist-induced contrac- 
tions. 



Ca 2+ efflux and sarcoplasmic reticulum Ca 2+ uptake: Ca 2+ pumping ATPase, 

Na/Ca exchanger and SERCA 

Two mechanisms are known to play a role in net Ca 2+ extrusion from arterial smooth mus- 
cle, the ATP-driven plasma membrane Ca 2+ pump (PMCA; Nelson et al. 1997; Wuytack 
et al. 1992) and the Na + electrochemical gradient-driven Na + /Ca 2+ exchanger (NCX; 
Blaustein and Lederer 1999). The role of the latter has been reviewed recently (Blaustein 
and Lederer 1999), and therefore need not be reiterated here. As might be expected, SER- 
CA has a vital role in agonist-induced asynchronous propagating Ca 2+ waves. Application 
of cyclopiazonic acid (CPA) to Ca 2+ waves induced by PE (5.0 pM) in IVC results in abo- 
lition of the Ca 2+ waves and elevation of Ca 2+ (Lee et al. 2002b). 



Synchronous Ca 2+ oscillations 

A salient feature of small arteries activated by high levels of bath-applied adrenergic ago- 
nists is that they often undergo rhythmic vasomotion. In situ, arterial vasomotion is 
thought to be important in increasing hydraulic conductance, without decreasing resistance 
(Parthimos et al. 1999). Mauban and colleagues showed recently (2001) that vasomotion 
in rat mesenteric small arteries is accompanied by [Ca 2+ ] changes that are spatially uni- 
form within the arterial wall (Fig. 3). These changes in [Ca 2+ ] are thus quite distinct from 
the asynchronous propagating Ca 2+ waves discussed above. We suggested that the cellular 
mechanisms of these changes are also quite distinct from those of the agonist-stimulated 
asynchronous Ca 2+ waves, most likely involving oscillatory changes in membrane poten- 
tial. It is quite clear that these changes in [Ca 2+ ] are directly related to changes in arterial 
diameter, as oscillatory vasomotion is always accompanied by such Ca 2+ oscillations. Spa- 
tially synchronous Ca 2+ transients induced by adrenergic agonists have also been observed 
in isometrically mounted rat mesenteric arteries (Peng et al. 2001). Interestingly, such 
Ca 2+ signals have not yet been reported for IVC. Vasomotion of pressurized arteries con- 
tinues for the duration of agonist exposure during experimental recordings. Thus, in pres- 
surized arteries, modulation of arterial diameter by Ca 2+ continues indefinitely during a\- 
agonist presence. Mechanisms that change Ca 2+ sensitivity may be activated during this 
time as well; but, in pressurized arteries, oscillatory, spatially uniform changes in Ca 2+ 
continue to modulate arterial tone indefinitely. 

Recently, a hypothesis on the initiation of adrenergically stimulated vasomotion in iso- 
metrically mounted rat mesenteric small arteries was advanced (Peng et al. 2001). This hy- 
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Fig. 3A, B Synchronous Ca 2+ -transients and oscillatory vasomotion recorded simultaneously in a pressur- 
ized (70 mmHg) rat mesenteric artery stimulated with PE (1.0 //M ). A "Radial” view images of the arterial 
wall before (top), during (middle frames) and after removal (bottom) of PE. SMC are seen in crosssection. 
Images are of Ca 2+ -dependent fluo-4 fluorescence, as represented with the color bar. B (a) Relative position 
of the arterial wall, as determined from images in A. The horizontal field-of-view is 150 //in. with the center 
of the artery to the left. The arrowheads indicate the peak of the synchronous Ca 2+ transients in b (B), be- 
low. The peak of the Ca 2+ transients coincided with the maximum diameter during the oscillatory vasomo- 
tion. B Ir. Red, green and black traces in b (B) indicate average fluorescence from three identified cells that 
could be followed throughout the experiment. The full video sequence from which the images in A were 
obtained is available as supplementary data in the original publication. (Mauban et al. 2001) 



pothesis may be reiterated as follows: adrenergic stimulation first initiates asynchronous 
Ca 2+ waves of the type described above. These Ca 2+ waves activate an inward membrane 
current, which tends to depolarize cells. At some point, sufficient current is activated to 
result in depolarization of all the smooth muscle cells. Depolarization activates voltage- 
gated Ca 2+ channels and the resulting (synchronous) Ca 2+ entry synchronizes Ca 2+ release 
in all the cells. The cycle then continues. In rat mesenteric small arteries, synchronized 
Ca 2+ oscillations depended on an intact endothelium (Peng et al. 2001). De-endothelialized 
arteries could also develop synchronous Ca 2+ oscillations if 8-bromo-cGMP was added to 
the bath. This raises the obvious possibility that it is endothelial nitric oxide (NO) which is 
essential for adrenergic vasomotion, at least in that tissue. A different approach to under- 
standing the cellular mechanisms of vasomotion has been taken by Griffith and his col- 
leagues (Parthimos et al. 1999). Here, arterial chaos of rabbit ear arteries (pressure fluctua- 
tions) was explained in a mathematical model in which the essential feature is the nonlin- 
ear interaction of intracellular and membrane oscillators that depend on cyclic release of 
Ca 2+ from internal stores and cyclic influx of extracellular Ca 2+ , respectively. The control 
variables were (a) cytosolic [Ca 2+ ], (b) [Ca 2+ ] in the ryanodine-sensitive SR, (c) membrane 
potential, and (d) the open-state probability of Ca 2+ -activated K + channels. Of course, vari- 
ables such as cytosolic [Ca 2+ ] were a function of several cellular processes; Ca 2+ influx 
through receptor-operated channels, Ca 2+ release from InsPi-sensitive stores, Na + /Ca 2+ ex- 
change, and others. Force was calculated from the total number of crossbridges, using the 
latch-state model (Hai and Murphy 1988). In general, this model is a “common pool” 
model, in the sense that the spatial relationships of ion channels, SR, and plasma mem- 
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brane are not considered. In addition, separate ryanodine-sensitive and InsP 3 -sensitive 
Ca 2+ stores were assumed. This model is, in general, quite successful in reproducing a va- 
riety of experimentally observed phenomena, including the effects of ryanodine and cer- 
tain ion-channel blockers. Nevertheless, further development of models of intracellular 
Ca 2+ signaling during vasomotion should include the ability to produce spatially localized 
Ca 2+ signals, such as Ca 2+ waves, since Ca 2+ waves may be a precursor to the synchronous 
Ca 2+ oscillations. 



Ca 2+ sparks and microsparks 

Ca 2+ sparks in smooth muscle were first recorded in isolated myocytes (Nelson et al. 
1995). Interestingly, Ca 2+ sparks were not seen in the first confocal imaging studies of in- 
tact arterial smooth muscle (lino et al. 1994), probably because of the use of an objective 
lens with relatively low numerical aperture in that study, which limited spatial resolution. 
The existence of Ca 2+ sparks in the walls of intact small arteries under physiological con- 
ditions of intraluminal pressure was confirmed in the first confocal imaging study of pres- 
surized small arteries (Miriel et al. 1999), where a high resolution (N.A., 1.4) objective 
lens was used. An emerging concept for the role of Ca 2+ sparks in vascular smooth muscle 
function is that voltage-dependent Ca 2+ channels, ryanodine receptors, and Ca 2+ -activated 
K + (BK) channels form a functional unit for regulating arterial tone (laggar et al. 1998b). 
Ca 2+ entering the PM-SR junctional space via voltage-dependent L-type Ca 2+ channels ac- 
tivates the ryanodine receptors to release Ca 2+ producing a Ca 2+ spark. As recently re- 
viewed in detail by others (Jaggar et al. 2000), this Ca 2+ then activates the BK channels to 
conduct K + outward (spontaneous transient outward currents, or STOCS; Benham and 
Bolton 1986), which tends to hyperpolarize the membrane and reduce Ca 2+ entry via the 
voltage-dependent Ca 2+ channels. The importance of Ca 2+ sparks in regulating arterial tone 
in intact animals is indicated by the fact that animals in which Ca 2+ sparks have been ren- 
dered ineffective (by knocking out the /II subunit of the BK channel) have higher than 
normal blood pressure (Brenner et al. 2000). This elegant study provides direct functional 
evidence of the vasodilatory role of Ca 2+ sparks in arterial smooth muscle. 



Origins of Ca 2+ sparks in vascular smooth muscle 

There is little doubt that arterial muscle contains mRNA for RyRl, RyR2, and RyR3 and 
that Ca 2+ sparks arise from Ca 2+ released through ryanodine receptors (Lohn et al. 2001). 
Using antisense techniques in cultured portal venous cells, Coussin et al. (2000) have 
shown that RyRl and RyR2 are both required for Ca 2+ sparks, but deletion of RyR^ had 
no effect. In contrast, a role for RyR 3 in smooth muscle Ca 2+ sparks has been suggested 
recently (Lohn et al. 2001; Knot et al. 2001). The experimental evidence from cells and 
cerebral arteries of RyR3-deficient mice was that RyR3 normally inhibits Ca 2+ spark pro- 
duction; the frequency of spontaneous Ca 2+ sparks was approximately twice as high in 
cells from RyR3 _/_ animals as in cells from wild-type animals. In both isolated single 
guinea-pig mesenteric arterial smooth muscle cells (Pucovsky et al. 2002) and in pressur- 
ized rat mesenteric arteries (Miriel et al. 1 999), Ca 2+ sparks arise preferentially and repeti- 
tively at only certain sites, termed frequent discharge sites, or FDS (Gordienko et al. 
1998). In isolated rabbit portal vein myocytes, the FDS have been shown to be located 
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near the superficial SR network, usually within 1-2 pm of the surface membrane (Gordi- 
enko et al. 2001). Recently, Ca 2+ release events smaller in duration, spatial spread, and 
amplitude than usual were recorded in isolated guinea-pig mesenteric myocytes (Pucovsky 
et al. 2002). These events were termed microsparks and it was suggested that they were 
underlying events to Ca 2+ sparks. Thus, as in other tissues, Ca 2+ sparks almost certainly 
arise from Ca 2+ flux through multiple ryanodine receptors. The frequency of Ca 2+ sparks 
is increased by depolarization (Jaggar et al. 1998a), suggesting that, as in cardiac muscle, 
Ca 2+ sparks are triggered by the flow of Ca 2+ through voltage-dependent channels (Lopez- 
Lopez et al. 1995). 



Effects of adrenergic stimulation on Ca 2+ sparks 

Adrenergic activation (PE) decreases the frequency of Ca 2+ sparks in rat mesenteric small 
arteries (Mauban et al. 2001) during the typical adrenergic vasoconstriction. Earlier studies 
had shown that uridine 5'-triphosphate (UTP), which binds to purinergic receptors (P2Y), 
also decreases Ca 2+ spark frequency (Jaggar and Nelson 2000). Although UTP is not a 
physiological neurotransmitter, the ATP released during sympathetic nerve activity will 
bind to the P2Y receptors. It is not yet known, from experimental observation, how ATP 
might affect Ca 2+ spark frequency. Activation of protein kinase C (PKC) by phorbol esters 
(e.g., PMA, phorbol 12-myristate 13-acetate) or DOG (1,2-dioctanoyl-sn-glycerol) de- 
creased Ca 2+ spark frequency in rat cerebral arteries (Bonev et al. 1997). 

In single isolated guinea-pig mesenteric artery myocytes, application of noradrenaline 
increased the frequency of Ca 2+ sparks and led to a Ca 2+ wave (Pucovsky et al. 2002), fol- 
lowed by a period in which sparks were absent. The initial increase in frequency that led 
to a Ca 2+ wave seems difficult to reconcile with the fact that adrenergic stimulation and 
activators of PKC both decrease spark frequency. It seems clear that RyR can participate 
in Ca 2+ waves in vascular smooth muscle cells. Nevertheless, we suggested earlier that the 
mechanism of the asynchronous propagating Ca 2+ waves in intact arteries is primarily re- 
lease of Ca 2+ through InsP^R, rather than through RyR. In intact arteries, it seems likely 
that the depolarization rapidly induced by noradrenaline will activate voltage-gated Ca 2+ 
channels, and lead to a transient increase in frequency of Ca 2+ sparks. The effect of acti- 
vated PKC to inhibit spark frequency may occur more slowly (Bonev et al. 1997). Indeed, 
the decline in Ca 2+ spark frequency observed after PE application to intact mesenteric ar- 
teries occurred over 2 min (Mauban et al. 2001). If asynchronous propagating Ca 2+ waves 
in intact arteries are generated mainly by Ca 2+ released from the SR via InsPjR, rather than 
through RyR, then adrenergic stimulation can increase the frequency of Ca 2+ waves, while 
decreasing the frequency of Ca 2+ sparks. 



Ca 2+ ripples and flashes 

Recently, two other types of spontaneous Ca 2+ signals, “ripples” and “flashes,” have been 
observed, using wide-field fluorescence microscopy, in muscle cells of rat tail artery (Asa- 
da et al. 1999). Ca 2+ ripples, which are much smaller in amplitude than Ca 2+ waves elicited 
by noradrenaline, occurred spontaneously in about half of the cells. The velocity of propa- 
gation however, was similar to that of the larger, noradrenaline-induced Ca 2+ waves. It 
was suggested that the Ca 2+ ripples are generated via inositol 1,4,5-trisphosphate-induced 
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Ca 2+ release in response to locally produced angiotensin II. It is possible that the frequency 
of ripples or proportion of SMC generating Ca 2+ ripples and flashes could be affected by 
adrenergic stimulation. Another type of unique Ca 2+ transient was first reported in that 
study, namely Ca 2+ flashes. These were very rapid, large increases in Ca 2+ that were initi- 
ated in a relatively small area (<20 gm) and spread in an (apparently) passive way. The 
flashes were observed so infrequently that they could not be studied reliably. The authors 
speculated that Ca 2+ flashes were not due to locally activated voltage-dependent Ca 2+ 
channels. It seems likely to us, however, that these signals must arise during spontaneous 
action potentials. Indeed, in pressurized rat mesenteric arteries in which neurotransmission 
is totally blocked, electrical stimulation of the smooth muscle cells elicits rapid, spatially 
uniform Ca 2+ transients (C. Lamont and W.G. Wier, unpublished observations) similar in 
some ways to the spontaneous Ca 2+ flashes reported in rat tail artery. Ca 2+ flashes may oc- 
cur physiologically, since spontaneous action potentials have been recorded from pressur- 
ized guinea-pig mesenteric small arteries (Zelcer and Sperelakis 1982). 



Summary of Ca 2+ signaling in vascular smooth muscle 

Ca 2+ sparks in cardiac and skeletal muscle are clearly elementary events of Ca 2+ transients 
that activate contraction. They appear to play a fundamentally different role in vascular 
smooth muscle, however, namely that of signaling for relaxation rather than contraction. 
The Ca 2+ that binds to CaM and does ultimately activate smooth muscle contraction (see 
next section) appears to be derived from the SR, and to be released into the cytoplasm 
through InsP 3 -sensitive SR Ca 2+ release channels (InsPiR). In this scheme, InsP 3 receptors 
on the SR are used to supply the Ca 2+ for contractile responses, and ryanodine receptors 
on the SR are used to supply local Ca 2+ for activation of ion channels (viz. Ca 2+ sparks 
and STOCs) that tend to oppose contraction (i.e., are vasodilatory). The speed of propaga- 
tion of the InsP 3 R-mediated Ca 2+ waves is relatively slow (~20 ,um s" 1 ), and should pro- 
vide sufficient time for binding of Ca 2+ to CaM. This spatio-temporal heterogeneity of 
[Ca 2+ ] might be expected possibly to result in spatio-temporal heterogeneity of cell activa- 
tion, but information on this point is entirely lacking. Arteries contract when asynchronous 
propagating Ca 2+ waves are being generated; the higher the frequency of the waves and 
the greater the proportion of cells generating waves, the larger the contraction. Under high 
levels of adrenergic activation, the changes in [Ca 2+ ] become spatially uniform, and may 
arise primarily from Ca 2+ entering the cell via voltage-dependent Ca 2+ channels during os- 
cillations of membrane potential. These changes in [Ca 2+ ] are clearly associated with 
changes in contraction (viz. vasomotion). We have focused so far on the changes in Ca 2+ 
that might activate CaM (which activates MLCK and CaMKinase II). Nevertheless, 
changes in cytoplasmic [Ca 2+ ] may also be expected to participate in the activation of cer- 
tain other protein kinases (e.g., the conventional isoforms of PKC) and enzymes (e.g., 
phospholipase C), but little information is available now on how Ca 2+ might be involved. 
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Calmodulin level and regulation 

CaM general properties 

Calmodulin (CaM) plays a key role as a Ca 2+ binding protein in the regulation of vascular 
smooth muscle cells. A major function is the activation of MFCK, leading to phosphoryla- 
tion of the myosin light chain (LC 20 ) and crossbridge cycling. Each molecule of CaM con- 
tains 4 E-F hand-type Ca 2+ -binding domains, and upon binding Ca 2+ , each domain takes 
on an open conformation that exposes hydrophobic residues and leads to the binding of 
target sequences. Thus, these conformational changes are thought to be essential in trans- 
ducing changes in [Ca 2+ ]j into biochemical effects. 

CaM is sensitive to the physiologic range of intracellular [Ca 2+ ] (A'd=5xlO' 7 -5xlO" 6 M; 
Chin and Means 2000). However, for several reasons, the precise affinity of CaM for Ca 2+ 
is a moving target. Firstly, the C-terminal pair of E-F hands have a three- to fivefold high- 
er affinity for Ca 2+ than the N-terminal pair of sites (Chin and Means 2000). Secondly, the 
affinity for Ca 2+ is altered by CaM binding to target proteins, sometimes in a dramatic 
fashion such as occurs with CaMKII (see “Role of CaMII in smooth muscle”). Thirdly, it 
is possible that posttranslational modification of CaM may regulate its interactions with 
both [Ca 2+ ]; and target proteins. 

Regarding the possibility of posttranslational modification of CaM, phosphorylation of 
CaM on Ser/Thr has been reported in rat liver cells by casein kinase II (Quadroni et al. 
1994). Phosphorylation of CaM on Tyr has also been reported in rat liver and adipocytes 
as well as in human placenta by insulin-receptor kinase (Sacks and McDonald 1989). 
Whether CaM is phosphorylated in differentiated smooth muscle is unknown. Past studies 
have shown that either Tyr- or Ser/Thr- phosphorylation of CaM is associated with de- 
creased affinity for target proteins (Quadroni et al. 1994; Sacks and McDonald 1989). 



Subcellular distribution of total CaM 

The relative subcellular distribution of CaM in vascular smooth muscle cells is not known; 
however, in neural cells, it has been reported that activation by Ca influx causes a translo- 
cation of CaM from the cytoplasm to the nucleus (Deisseroth et al. 1998). Thus, the distri- 
bution of total CaM between subcellular compartments may well be dynamically regulated 
and could feasibly be altered by a-adrenergic agonists. Recently, it has been suggested that 
there is a pool of immobilized CaM, bound to thin filaments in a Ca 2+ independent man- 
ner, similar to that served by troponin C (Wilson et al. 2002) 



Availability of CaM 

The total CaM content of smooth muscle is approximately 40 fiM (Meisheri et al. 1985; 
Ruegg et al. 1983; Zimmermann et al. 1995). However, it is often assumed that very little 
CaM is unbound and available to bind to target proteins during changes in [Ca 2+ ];. Ruegg 
et al. (Ruegg et al. 1984) estimated that 10%, or roughly 3/rM CaM was free in rehydrated 
smooth muscle fibers that had been lyophilized. Luby-Phelps et al. (1995) estimated that, 
at most, 5% was free, based on extraction from resting, permeabilized cultured tracheal 
smooth muscle cells, and on FRAP (fluorescence recovery after photobleaching) measure- 
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ments in intact cells. Persechini and Cronk (1999) have used altered versions of the high- 
affinity MLCK CaM-binding domain as CaM probes in HEK-293 cells. They found a 
maximum unbound (Ca) 4 -CaM concentration of approximately 45 nM at a free Ca 2+ of 
3 fiM. 

The issue of quantitating the level of available free CaM in the differentiated, contrac- 
tile smooth muscle cell has relevance since at least two relatively low-affinity CaM-bind- 
ing proteins in the smooth muscle cell have been postulated to play important regulatory 
roles. These two proteins, CaD and Ca-CaM-dependent protein kinase II (CaMKII), have 
K d s for CaM at or above this estimate for available unbound CaM. The reported K d s for 
CaD range from 50 to 430 nM, depending on the method of preparation (Zhuang et al. 
1996). The reported K d for CaMKII ranges between 15-200 nM at saturating [Ca], de- 
pending on the isoform studied (Braun and Schulman 1995; Kamm and Stull 1989; Schul- 
man and Hanson 1993). 

For low-affinity CaM binding targets such as CaMKII and CaD, the amount of avail- 
able CaM in the cell is likely to be limiting. In contrast, for high-affinity CaM targets, such 
as MLCK (Ka~l nM; Kamm and Stull 1985), CaM is not thought to be limiting and activ- 
ity is regulated primarily by changes in [Ca 2+ ];. Recently, Hulvershorn et al.(2001) used a 
peptide taken directly from a low-affinity CaM binding domain of CaD and labeled with 
an environmentally-sensitive fluorophore as a probe of free [CaM]. The probe gave essen- 
tially no detectable fluorescence in vitro in the absence of CaM, but showed an increased 
fluorescence in the presence of CaM. On loading the peptide into intact differentiated vas- 
cular smooth muscle cells, significant signals were detected, indicating that sufficient free 
CaM was available to perturb this low-affinity CaM binding site. Additionally, significant 
changes in the fluorescence of the probe, and, presumably, the amount of available CaM 
in the cells were detected during activation of PKC by a phorbol ester. This indicates that 
the amount of available CaM in smooth muscle cells is a dynamic variable. Since a-adren- 
ergic agonists have been reported to activate PKC in vascular smooth muscle (Merkel et 
al. 1991; Khalil et al. 1994; Aburto et al. 1995; Brozovich 1995; Ohanian et al. 1996; Sue- 
naga and Kamata 2000; Sato et al. 2001), it is quite possible that there is an additional lev- 
el of complexity for a-agonist-induced regulatory mechanisms, whereby a-agonists modu- 
late the amount of CaM available for activation of low-affinity CaM targets. 



Signal transduction leading to thick filament regulation 

Myosin light chain kinase 
General properties 

It is clear that phosphorylation of the 20-kDa myosin light chain (LC20) by myosin light 
chain kinase (MLCK) represents a major regulatory pathway by which smooth muscle 
contraction is regulated. MLCK phosphorylates Serl9, and in the presence of extreme 
stimulation, Thrl8 of the 20-kDa light chain of myosin. Phosphorylation at these sites re- 
sults in increases in myosin ATPase activity and, hence, contraction. 

MLCK represents a high-affinity target for CaM. The two high-affinity binding C-ter- 
minal Ca 2+ binding sites of CaM are thought to contain bound Ca 2+ at resting [Ca 2+ ]i. In 
this state, CaM is thought to be bound to MLCK, but the kinase is not activated (Johnson 
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et al. 1996; Bayley et al. 1996). An increase in [Ca 2+ ]; leads to the binding of Ca 2+ to the 
low-affinity N-terminal binding sites of CaM and activation of MLCK via a conformation- 
al change. This results in the displacement of the autoinhibitory domain of MLCK from 
the catalytic site for LC20 binding and phosphorylation (Pearson et al. 1988). 

Recently, it has become clear that N-terminal residues of MLCK also bind to actin fila- 
ments, whereas C-terminal residues bind to myosin. Approximate calculations of the size 
and shape of the actin/MLCK/myosin complex suggest that bound MLCK can indeed 
reach myosin while being bound to actin. The tethering of MLCK to actin may allow each 
MLCK molecule to phosphorylate multiple myosin molecules as crossbridge sliding en- 
sues (Lin et al. 1999). This may compensate for the fact that the concentration of smooth 
muscle myosin LC20 is roughly 25 times greater than that of MLCK. 



Ca 2+ sensitivity of MLCK 

MLCK was originally reported to be activated in a simple manner by [Ca 2+ ]j and CaM. 
Dephosphorylation of LC20 was initially thought to occur by the action of an unregulated 
phosphatase (Sobieszek 1977). However, when the luminescent [Ca 2+ ]i indicator aequorin 
was used in vascular smooth muscle, it was found that the [Ca 2+ ]i sensitivity of the con- 
tractile apparatus is a variable in intact muscles (Morgan and Morgan 1984). This finding 
has subsequently been confirmed with other Ca 2+ indicators (Himpens et al. 1988), and in 
permeabilized preparations where [Ca 2+ ]; could be directly controlled (Nishimura et al. 
1988). One mechanism by which the Ca 2+ sensitivity of the contractile apparatus can be 
modulated, in theory, is by alteration of the Ca 2+ requirement for activation of MLCK. 

The Ca 2+ sensitivity of MLCK can be regulated in vitro by phosphorylation of MLCK 
via a number of other kinases such as CaMKII, PAK, PKA, PKC, or ERK1/2 (Goeckeler 
et al. 2000; Horowitz et al. 1996a; Kim et al. 2000). With one exception, all of these phos- 
phorylations are inhibitory, i.e., they decrease the Ca 2+ sensitivity of MLCK. The excep- 
tion is ERK1/2, which facilitates the activation of MLCK, i.e., increases the Ca 2+ sensitiv- 
ity of MLCK (Nguyen et al. 1999; Morrison et al. 1996). 

Alpha-adrenergic agonists have been reported, in various vascular tissues, to activate 
both PKC and ERK1/2 (Xiao and Zhang 2002; Dessy et al. 1998). Thus far, however, 
there is no convincing evidence that an inhibitory phosphorylation of MLCK via PKC 
plays a physiologically significant role in the regulation of MLCK activity in vascular 
smooth muscle. Nevertheless, depolarization-induced activation of ERK has been associat- 
ed with an increased LC20 phosphorylation and contraction in vivo in ferret aortic strips 
(Kim et al. 2000). Whether this pathway is recruited in the presence of a-agonists is not 
known. Alpha agonist-induced contractions of ferret aortic strips are associated with very 
low steady state values of LC20 phosphorylation, which makes it unlikely that ERK 1/2 
plays a major role in activating MLCK under these conditions. In other tissues (see next 
section), sustained elevations of LC20 phosphorylation have been reported in the presence 
of a-agonists and regulation by this pathway is a possibility. 



Ca-independent myosin light chain kinase 

A recent series of studies from the Walsh lab has identified a Ca 2+ -independent MLCK in 
rat tail artery. Given that the tail artery is often used as a model of resistance arteries, the 
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pathways described may be relevant. In this vessel, a relatively high resting level of LC20 
phosphorylation and a further increase in LC20 phosphorylation induced by inhibitors of 
MP were both found to be resistant to the inhibitors of MLCK, ML-9 (Mita and Walsh 
1997) and AV25 (Weber et al. 1999). The Ca 2+ -independent MLCK activity was identified 
as a smooth muscle form of integrin-linked kinase (ILK) that coassociates with myosin fi- 
laments (Deng et al. 2001). The authors suggested that ILK might contribute to increases 
in LC20 phosphorylation that occur in response to activation of receptors coupled to Gq/ 
11 or G12/13 heterotrimeric GTP-binding proteins; however, direct evidence supporting 
this suggestion is still lacking. 

Additionally, in the above study (Deng et al. 2001), an a-agonist (cirazoline)-induced 
an increase in LC20 phosphorylation levels above baseline, but this increase was sensitive 
to antagonists of MLCK. Thus, it seems unlikely that a-adrenergic agonists would utilize 
this newly discovered ILK pathway. 



Myosin phosphatase 
Genera 1 properties 

Myosin phosphatase (MP) is composed of three subunits: a catalytic subunit (PPlc), a 
large noncatalytic subunit (targeting subunit, MYPT1, Ml 30), and a small noncatalytic 
subunit of unknown function (M20; Hartshome et al. 1998). The binding of MYPT1 to 
PPlc increases the activity of the catalytic subunit towards phosphorylated myosin (Ichi- 
kawa et al. 1996b). Thus, MYPT1 plays an activating role, but it has also been suggested 
to play a targeting role (Alessi et al. 1992) in the regulation of MP. Although binding of 
MP to myosin has been demonstrated in fractionated cells (Johnson et al. 1997) and in vit- 
ro (Ichikawa et al. 1996b), imaging studies of intact cells have raised some questions on 
this issue. In differentiated, contractile ferret portal vein smooth muscle cells, the associa- 
tion of the targeting subunit with the catalytic subunit of MP is agonist-specific. During 
steady state PGF2a-induced contractions, MYPT1 was located at the cell surface during 
steady state contraction, whereas PPlc was found in the core of the cell. The lack of colo- 
calization of MYPT1 and PPlc was associated with a sustained, high level of LC20 phos- 
phorylation, even though PGF2a has previously been shown to cause little or no increase 
in [Ca 2+ ]; (Suematsu et al. 1991), implying that the dissociation of the subunits caused an 
inhibition of phosphatase activity. In the presence of the a-agonist, PE, however, no such 
dissociation of the subunits was seen, consistent with the low steady state levels of LC20 
phosphorylation observed and the expected high activity of MP (Shin et al. 2002). 



MP regulation during a-adrenergic-induced contractions 

Considerable effort is currently being expended to investigate mechanisms by which inhi- 
bition of MP might occur. In theory, an agonist-induced inhibition of MP would lead to 
sustained increases in LC20 phosphorylation and, consequently, sustained elevations of 
contractile force. It should be kept in mind, however, that as originally described by Dillon 
et al. (1981), sustained elevations of force in smooth muscle are often associated with fall- 
ing LC20 phosphorylation levels. This phenomenon was originally described as “latch” by 
the Murphy group (Hai and Murphy 1989). 
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Alpha agonists have specifically been shown to cause sustained contractions, accompa- 
nied by falling LC20 phosphorylation levels in large vessels (Jiang and Morgan 1989) and 
in rat cremaster muscle arterioles (Zou et al. 2000). Similarly, NE causes transiently ele- 
vated LC20 phosphorylation levels in canine anterior tibial arteries in vivo during main- 
tained elevation of vascular resistance (Moreland et al. 1990). It is of note that in the rat 
tail artery, a vessel often used as a model of resistance arteries, sustained elevations of 
LC20 phosphorylation have been reported in response to the a-agonist cirazoline (Mita 
and Walsh 1997). Thus, the relative importance of regulation of MP activity during a-ago- 
nist-induced contraction of resistance vessels is currently unclear and may well be vessel- 
specific. 



Rho kinase 

Rho kinase (ROK, or ROCK) is a serine/threonine kinase activated by the GTP-bound 
form of rho-A. Activated ROK phosphorylates MYPT1 at T695 and inhibits MP activity 
(Kimura et al. 1996). There is a strong case in the literature that ROK is the physiological- 
ly important MP kinase and the primary mode of regulation of MP, based on extensive 
biochemical and pharmacological experiments (Ichikawa et al. 1996a; Kimura et al. 1996; 
Feng et al. 1999; Nobe and Paul 2001; Nagumo et al. 2000; Bolz et al. 2000; Somlyo and 
Somlyo 1998; Fig. 4). Recently, however, this model has been called into question by the 
suggestion of MacDonald et al. (2001) that the endogenous kinase of Ichikawa et al. 
(1996a) is actually a ZIP-like kinase. These authors have suggested that the ZIP-like ki- 
nase directly phosphorylates MYPT1 and that it functions downstream of ROK (MacDon- 
ald et al. 2001). This issue remains controversial. 

A large fraction of the evidence supporting a major role, either directly or indirectly, 
for ROK has been based on inhibition of contraction by the ROK inhibitor Y 27632, or in 
fewer cases, HA-1077. Recent studies have made it clear that Y27632, although very se- 
lective in vitro (Uehata et al. 1997), is not entirely selective in vivo (K.G. Morgan, unpub- 
lished observations). Thus, caution needs to be applied in interpreting these studies, espe- 
cially in the many cases where LC20 phosphorylation is not directly measured to confirm 
the putative effect of the ROK inhibitor to antagonize MP. 

Separate from the possibility of directly phosphorylating MYPT1, ROK has been impli- 
cated in several additional pathways. ROK has been suggested to be upstream of CPI-17- 
mediated inhibition of MP (Kitazawa et al. 2000), to directly phosphorylate LC20 (Amano 
et al. 1996; Kureishi et al. 1997), to phosphorylate the actin binding protein CaP (Kaneko 
et al. 2000) and to be required for activation of ERK1/2 (Matrougui et al. 2001). Specifi- 
cally with regard to resistance vessels, Matrougui et al. have presented evidence that in rat 
mesenteric resistance vessels, ROK was required for angiotensin-induced activation of 
ERK1/2 . ERK1/2 activation has been associated with a-adrenergic agonist-induced con- 
tractions of blood vessels, but whether this is linked to ROK activation is not known. 

A translocation of ROK and rho - A to the cell membrane has been shown to occur with 
agonist activation (Taggart et al. 1999; Somlyo and Somlyo 2000). How ROK, located at 
the plasmalemma, might regulate the dephosphorylation of myosin in the core of the cell 
is problematic, although it may be involved in the membrane targeting MP seen in ferret 
vascular smooth muscle (Shin et al. 2002). However, the membrane association of ROK 
also raises the question of whether ROK might have functions near the cell membrane dis- 
tinct from any direct or indirect effect on myosin filaments in the core of the cell. Recent- 
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Fig. 4 Mechanism of thick-filament regulation. A simplified scheme illustrating the major pathways of 
thick filament regulation for which there is appreciable experimental evidence in vascular smooth muscle. 
See “Abbreviations.” Green represents activation, red represents an inhibitory influence. In general, for 
crossbridges to cycle and contraction to occur, the 20-kDa myosin light chain (LC20) must be phosphory- 
lated. Phosphorylation of LC20 is regulated by a kinase-phosphatase couple, myosin light chain kinase 
(MLCK) and myosin phosphatase (MP). Thus, through regulation of MLCK and MP by pathways other than 
activation of MLCK by Ca 2+ /Calmodulin alone, the apparent Ca 2+ sensitivity of contraction may be modu- 
lated. For example, pathways that lead ultimately to inhibition of MP activity increase the apparent Ca 2+ 
sensitivity of contraction. MLCK is activated primarily by Ca 2+ /Calmodulin, and possibly also by ERK1/2, 
although the role of ERK1/2 in cti-agonist induced contractions remains somewhat uncertain (see the sec- 
tion entitled “Extracellulary regulated kinase (ERK1/2)” for discussion). The activity of MP is inhibited by 
a pathway involving rho kinase (ROCK). ZIP-like kinase directly phosphorylates MYPT1 (inhibitory) and 
it may function downstream of ROCK. CPI- 17 is a smooth muscle-specific protein and an inhibitor of MP. 
Phosphorylation of CPI-17 at Thr 38 by PKC activates CPI-17 to become an inhibitor of the catalytic activ- 
ity of MP 



ly, it was shown by imaging studies that agonist-induced myosin phosphorylation in pri- 
mary cultured tracheal smooth muscle cells was inhibited by the ROK inhibitor Y27632 
only in the submembranous cortex and not in the core of the cell, where the bulk of the 
contractile/stress fibers are located (Miyazaki et al. 2002). In fact, a considerable body of 
work suggests that ROK may play an important role in the regulation of mechanical plas- 
ticity and synthetic activity of the smooth muscle cell (Halayko and Solway 2001). ROK 
has also been implicated in the etiology of a number of proliferative vascular disorders. 
Notably, a dominant negative version of ROK, introduced into a pig model of arterioscle- 
rosis by adenovirus-mediated transfer, led to a reversal of vessel narrowing and vasospas- 
tic contraction characteristic of this model (Morishige et al. 2001). 

Regarding the specific question of the degree to which ROK might be involved in a- 
adrenergic agonist-induced contraction of microvessels, little is known. Some effect of 
Y27632 on PE-induced contractions have been observed in large vessels, but, consistently, 
the inhibition of a-agonist contractions has been noted to be far smaller than that of the 
thromboxane mimetic U-46619 (Sakurada et al. 2001) and PGF2a (Shin et al. 2002). 
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CPI- 17 

CPI-17 is a smooth muscle-specific protein (Eto et al. 1997) and an inhibitor of MP (Eto 
et al. 1995). Phosphorylation of CPI-17 at Thr 38 by PKC activates CPI-17 to become an 
inhibitor of the catalytic activity of MP. The effect appears to be a direct inhibition of the 
catalytic subunit of MP, PPlc. (Eto et al. 1997; Senba et al. 1999). It has also been sug- 
gested that the fatty acid- and Rho-activated kinase, PKN, might also be able to increase 
the inhibitory potential of CPI- 17 through a similar phosphorylation (Hamaguchi et al. 
2000). Selective depletion of CPI- 17 by triton permeabilization of smooth muscle dimin- 
ishes PKC-induced Ca 2+ -sensitization of femoral artery strips (Kitazawa et al. 1999). 
Woodsome et al. (2001) have shown that the ratio of expression CPI-17 to that of MP cor- 
relates with the ability of PKC activators to cause [Ca 2+ ]j sensitization. 

Since there is considerable evidence that a-adrenergic agonists activate PKC, that PKC 
inhibitors can inhibit smooth muscle contraction, and that phorbol esters activate contrac- 
tion (e.g., Chatterjee et al. 1986; Danthuluri and Deth 1984; Jiang and Morgan 1987; Kha- 
lil and Morgan 1993; Lee et al. 1999; Rasmussen et al. 1987; Singer 1990), it is feasible 
that a-agonist-induced activation can lead to activation of CPI-17, inhibition of MP, an in- 
crease in LC20 phosphorylation, and contraction of the tissue (Fig. 4). If this pathway 
plays a significant role in a-adrenergic agonist-induced contractions, the prediction would 
be that MP inhibition would produce sustained contractions accompanied by sustained ele- 
vations of LC20 phosphorylation levels, although it is not yet clear whether or not this ac- 
tually occurs. 



CaMKII 

General properties 

CaMKII is a multifunctional serine/threonine protein kinase originally isolated from brain 
(reviewed in, Braun and Schulman 1995; Singer et al. 1996; Soderling et al. 2001) and 
now known to be encoded by four genes (a, ft, y, 8). Each gene product can be alternative- 
ly spliced to form multiple additional isoforms. The a and P isoforms are primarily ex- 
pressed in neural tissue, but the y and 8 isoforms are expressed in most tissues, including 
vascular smooth muscle (Singer et al. 1997; Kim et al. 2000). Each monomer consists of 
an N-terminal catalytic region and a central regulatory domain, including an autoinhibitory 
domain and a Ca 2+ /CaM binding domain, followed by several variable regions and a C- 
terminal association domain. Each of the monomers has a molecular weight of 50-65 kDa 
and, through the association domains, forms large multimers of 8-12 subunits, which, for 
the a subunit, are organized as two stacked rings in a “hub-and-spoke” (or, “gear and 
foot”) arrangement where the association domain is in the center and the catalytic domains 
are arranged in the periphery (Soderling et al. 2001). 

CaMKII undergoes an autophosphorylation reaction that has two consequences: (a) The 
off rate for the dissociation of CaM slows by several orders of magnitude and hence the 
affinity for CaM appears to greatly increase, and (b) the catalytic domain develops an au- 
tonomous Ca/CaM-independent kinase activity. Thus, the molecule develops a “memory” 
of having previously seen Ca/CaM (Soderling et al. 2001). The effect of [Ca 2+ ]j signals on 
CaMKII has been shown to be frequency and duration dependent; thus it has been suggest- 



Rev Physiol Biochem Pharmacol (2003) 150:91-139 



115 



ed that CaMKII serves as a decoder of repetitive [Ca 2+ ]; signals (De Koninck and Schul- 
man 1998). 



Isoform-specific properties 

Isoform- specific in vitro properties have been reported (Naito et al. 1997) and provide a 
possible mechanism for producing isoform-specific functions and targets in the smooth 
muscle cell (Singer et al. 1997; Srinivasan et al. 1994; Brocke et al. 1995; Braun and 
Schulman 1995). The affinity of CaMKII fo Ca/CaM varies between isoforms. For exam- 
ple, the /) isoform has a greater affinity than the a isoform. The half maximal [CaM] for 
activation of CaMKII has been reported to range widely, from 15-200 nM in vitro (Schul- 
man and Hanson 1993; Brocke et al. 1999; Colbran and Soderling 1990). The /I isoform 
contains an actin binding domain. Alternatively spliced variants of the brain 8 isoform 
(Takeuchi et al. 1999) contain a nuclear localization signal. Thus far, similar isoform-spe- 
cific domains or functions have not been described for the y or 5 isoforms present in con- 
tractile smooth muscle. 



Role of CaMKII in smooth muscle 

Whether CaMKII is recruited during a-adrenergic agonist-induced contractions is not yet 
clear. However, it seems likely that any agonist that induces [Ca 2+ ]; waves of sufficient 
amplitude, duration, and frequency should activate CaMKII. Furthermore, since a-agonists 
are known to activate PKC, which may upregulate the available [CaM], it seems feasible 
that a-agonist activation may lead to CaMKII activation in some settings. 

Recently, an antisense approach was used to knock down CaMKII protein levels in vas- 
cular smooth muscle (Kim et al. 2000). A nonisoform-specific sequence was targeted 
against a highly conserved catalytic domain sequence. The functional effect was a signifi- 
cant decrease in KCl-induced contractions, and a decrease in KCl-induced LC20 phos- 
phorylation. This indicates that endogenous CaMKII enhances smooth muscle contractility 
through thick filament regulation, at least during the increase in [Ca 2+ h that occurs during 
KC1 contractions. In the same study, activation of PKC with a phorbol ester produced a 
contraction that was insensitive to the decrease in CaMKII protein levels. Similar effects 
were seen with a pharmacological approach (Rokolya and Singer 2000; Kim et al. 2000). 

CaMKII is also reportedly involved in signaling cascades leading to an activation of 
ERK1/2 in both cultured smooth muscle cells and contractile smooth muscle tissue (Abra- 
ham et al. 1997; Kim et al. 2000). ERK1/2 phosphorylates MLCK in a manner that acti- 
vates the kinase (Nguyen et al. 1999). Thus, a pathway may exist in smooth muscle linking 
increases in [Ca 2+ ]; to CaMKII activation, subsequent ERK1/2 activation, MLCK activa- 
tion, and LC20 phosphorylation (Fig. 4). 

In contrast with the above studies, CaMKinase II has previously been suggested to in- 
hibit contractility in tracheal smooth muscle by directly phosphorylating MLCK at an in- 
hibitory site. This results in a negative regulation of LC20 phosphorylation and contractile 
force (Kamm and Stull 1985). Thus, there may be tissue-specific differences in the actions 
of CaMKII. 

CaMKII has also been reported to be involved in the activation of Ca 2+ channels (Mc- 
Caron et al. 1992), and inhibition of Ca 2+ -activated Cl channels(Greenwood et al. 2001). 
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Additionally, SR Ca 2+ -ATPase activity in smooth muscle has been reported to be activated 
by CaMKII (Grover et al. 1996). More recently, it has been suggested that the functional 
effect of CaMKII to accelerate the rate of decline of [Ca 2+ ]i in smooth muscle is due to an 
effect on mitochondria rather than the SR (McGeown et al. 1998). Given that pharmaco- 
logical antagonists and antisense oligos directed against CaMKII are reported to be inhibi- 
tory with respect to tonic KC1 contractions in smooth muscle, it is possible that the effects 
on Ca 2+ channels are involved, at least in part, in these effects. The effects on the rate of 
decline of [Ca 2+ ] ; transients may be more relevant to phasic contractions. 

CaMKII may also be involved in thin filament regulation (next section), as it has been 
shown to phosphorylate CaP, as well as CaD in vitro. The phosphorylation of CaP reverses 
its inhibition of myosin ATPase activity in vitro (reviewed in, Horowitz 1996b). The N- 
terminal phosphorylation of CaD by CaMKII prevents the “tethering” of actin to myosin 
by CaD (Sutherland and Walsh 1989). Whether these in vitro interactions have physiolog- 
ical relevance is currently unknown. A significant fraction of CaMKII associates with a 
myofibrillar fraction in smooth muscle (Singer et al. 1996) and copurifies with the smooth 
muscle thin filament protein, CaD (Ngai and Walsh 1984). These biochemical studies sug- 
gest that in situ, the kinase might codistribute with the cytoskeletal domain, but, converse- 
ly, the functional effects on Ca 2+ channels and SR Ca 2+ -ATPase activity mentioned above 
suggest a distribution of the kinase with the membrane or the SR. Because of the lack of 
adequately selective antibodies, direct imaging studies have not yet been performed in 
contractile smooth muscle, but such studies may well reveal agonist-induced transloca- 
tions of CaMKII to explain these apparently disparate results. 



Signal transduction leading to thin filament regulation 

It is clear that smooth muscle crossbridges are regulated by phosphorylation of the regula- 
tory light chains of myosin (LC20). It is also quite clear that changes in contractile force 
and crossbridge cycling rates often occur in the absence of corresponding changes in 
LC20 phosphorylation levels and that tone is often maintained in the presence of falling 
LC20 phosphorylation levels (e.g., Siegman et al. 1984; Gunst et al. 1992, 1994; Dillon et 
al. 1981). Furthermore, in the early 1980s it was demonstrated that there is a calcium sen- 
sitivity of myosin ATPase activity in preparations containing skeletal muscle myosin and 
smooth muscle thin filaments (Marston and Smith 1984; Marston et al. 1980), suggesting 
the existence of Ca-sensitive smooth muscle actin binding proteins. Additionally, there is 
evidence that under some conditions, unphosphorylated smooth muscle crossbridges are 
not completely turned off (Haeberle 1999; Sellers 1999; Wagner and George 1986), pro- 
viding a functional need for an actin regulatory system, in addition to thick filament regu- 
lation in smooth muscle. Although there is no troponin in smooth muscle, two proteins 
have been suggested to possibly fulfill an analogous function, CaD and CaP (Fig. 5). 



Caldesmon 

Caldesmon (CaD) is an actin, tropomyosin, myosin and CaM binding protein. The CaD 
family contains two subfamilies: smooth muscle CaDs of a higher molecular weight (793 
residues long), and CaDs with a lower molecular weight that are found in both muscle and 
nonmuscle cells. CaD’s putative role in smooth muscle function has recently been re- 
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viewed (Morgan and Gangopadhyay 2001). C-terminal domains of CaD are responsible 
for most of the demonstrated in vitro functions of CaD, including actin binding and inhibi- 
tion of myosin ATPase activity. The N-terminal portion of the molecule binds myosin in 
vitro (Chalovich 1988; Hemric et al. 1994; Wang et al. 1997; Li et al. 2000; Ikebe and 
Reardon 1988). This raises the possibility that by simultaneously binding actin and myo- 
sin, CaD might tether myosin and actin together. Peptides against the myosin-binding do- 
main of CaD selectively inhibit a-agonist-induced contractions (Lee et al. 2000), consis- 
tent with a role of CaD in a-agonist-induced signal transduction. It has been proposed that 
the tethering of CaD to both actin and myosin has the effect of positioning CaD in the con- 
tractile filaments and stabilizing the position of actin relative to myosin. 

Two main approaches have been used to probe the function of endogenous CaD in 
vivo. Firstly, a peptide antagonist of CaD (GS17C) has been made, targeted to Gly651- 
Ser667 of the gizzard CaD sequence. This part of the CaD sequence contains a high-affin- 
ity actin binding site, thought to be important in properly positioning downstream C-termi- 
nal actin binding sites of CaD over myosin’s actin binding site. In itself, however, GS17C 
has no direct myosin inhibitory actions; thus, it functions in the manner of a dominant neg- 
ative construct. When introduced into contractile vascular smooth muscle cells, GS17C in- 
duces a sustained elevation of basal tone (Katsuyama et al. 1992). More recently, identical 
results were obtained for esophageal smooth muscle (Sohn et al. 2001). These results are 
consistent with a role of endogenous CaD to suppress basal tone. 

A second approach used to test the endogenous function of CaD in smooth muscle has 
been to use a chemical loading procedure (Morgan and Morgan 1982) to introduce anti- 
sense against CaD into smooth muscle strips (Earley et al. 1998). Downregulation of CaD 
protein levels caused a sustained elevation of basal contractile tone, consistent with the 
peptide studies and consistent with a role of endogenous CaD to tonically suppress con- 
tractile tone. 

CaD’s endogenous action to inhibit myosin ATPase activity, and as a result, contractile 
tone, is thought to be regulated by the binding of Ca 2+ -CaM and/or the phosphorylation of 
sites between the two C-terminal actin binding domains (Morgan and Gangopadhyay 
2001). 



Calmodulin 

The binding of Calmodulin (CaM) to CaD is known to reverse the inhibition of myosin 
ATPase activity caused by CaD in vitro. The CaM binding sites of CaD have a relatively 
low affinity for CaM and it has been questioned whether sufficient free CaM is available 
to cause a significant change in CaD’s function. However, the amount of CaM available 
for binding to CaD may be a dynamic variable and more recent measurements of the affin- 
ity of CaM for CaD has resulted in higher estimates (Hulvershorn et al. 2001). It has also 
been reported that a modified version of CaM exists in smooth muscle that has a signifi- 
cantly higher affinity for CaD than does unmodified CaM (Notarianni et al. 2000). As dis- 
cussed above, the possibility exists that a-adrenergic agonists regulate both [Ca 2+ ]; and the 
levels of available CaM in smooth muscle cells. Thus, a-adrenergic agonist-induced con- 
tractions may well involve a disinhibition of CaD’s effects on actomyosin interactions via 
a Ca 2+ /CaM pathway (Fig. 5). 
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Fig. 5 Mechanisms of thin-filament regulation. Simplified scheme illustrating pathways that have been 
linked with a x -adrenoceptor-induced activation through thin filament mechanisms. See “Abbreviations.” 
While smooth muscle crossbridges are regulated primarily by phosphorylation of the regulatory light chains 
of myosin ( LC20 ), changes in contractile force and crossbridge cycling rates can occur in the absence of 
corresponding changes in LC20 phosphorylation. Under some conditions, unphosphorylated smooth muscle 
crossbridges are not completely turned off. (see the section entitled “Signal transduction leading to thin fila- 
ment regulation” for discussion) This may be viewed as providing a functional need for an actin regulatory 
system, in addition to thick filament regulation in smooth muscle. Although there is no troponin in smooth 
muscle, two proteins have been suggested to possibly fulfill an analogous function, caldesmon {CaD) and 
calponin {CaP). It has been proposed that the tethering of CaD to both actin and myosin has the effect of 
positioning CaD in the contractile filaments and stabilizing the position of actin relative to myosin. Phos- 
phorylation of CaD may have the effect of “disinhibiting” myosin ATPase activity. a\- adrenergic agonist- 
induced contractions may involve a disinhibition of CaD’s effects on actomyosin interactions via a Ca 2+ / 
CaM pathway. In some smooth muscles, a \ -adrenergic agonist-induced activation of ERK1/2 may lead to 
CaD phosphorylation, and disinhibition of myosin ATPase activity. The role of calponin {CaP) is contro- 
versial. It has been proposed by different groups that CaP may function either in a troponin-like manner to 
directly inhibit the actin-activated Mg-ATPase activity of myosin or as a signaling molecule to facilitate 
PKC-dependent ERK1/2 activation. The data supporting the two hypotheses have been recently reviewed. 
(Morgan and Gangopadhyay 2001) 



Extracellularly regulated kinase 

Considerable evidence exists that a-adrenergic agonists cause activation of extracellularly 
regulated kinase (Erkl/2) in vascular smooth muscle (Xiao and Zhang 2002; Je et al. 
2001; Khalil et al. 1995; Xu et al. 1996; Roberts 2001) and CaD has been suggested to be 
a likely target of activated ERK1/2. It is also possible that the effects of CaM on CaD may 
be synergistic with those of ERKl/2-mediated phosphorylation of CaD. 

The potential role of ERK1/2 in thin filament regulation has been recently reviewed 
(Morgan and Gangopadhyay 2001). In mammalian smooth muscle, there are two phos- 
phorylation sites for ERK1/2 in the C-terminal end of CaD, S759 (homologous to gizzard 
S702) and S789. Using an antibody that detects a signal when either of the ERK1/2 sites 
on CaD is phosphorylated, a time- and agonist-dependent three- to fivefold increase in sig- 
nal during a-agonist-induced contraction of ferret aorta has been detected (Dessy et al. 
1998). Yamboliev et al., using site-specific antibodies, have seen phosphorylation at S789 
but not at S759 in vascular, airway, and gastrointestinal smooth muscles (Yamboliev et al. 






Rev Physiol Biochem Pharmacol (2003) 150:91-139 



119 



2000; Hedges et al. 2000; Cook et al. 2000). ERK1/2 has also been reported to colocalize 
with CaD during a-agonist-induced contractions (Khalil et al. 1995). Thus, taken together, 
the available evidence suggests that in some tissues a-adrenergic agonist-induced activa- 
tion of ERK1/2 may lead to CaD phosphorylation (Fig. 5). 

Furthermore, although the topic is controversial, some studies suggest that CaD phos- 
phorylation at ERK1/2 sites leads to a reversal of the inhibitory actions of CaD on actomy- 
osin interactions. When CaD is phosphorylated by ERK1/2, CaD no longer inhibits move- 
ment in a motility assay (Adam et al. 1997; Gerthoffer et al. 1996). ERK1/2 phosphoryla- 
tion of CaD also prevents actin binding (Li et al. 2001; Marston et al. 2001). The MEK 
inhibitor PD098059 has been used to prevent the activation of ERK1/2, and mixed results 
have been reported. Some groups have reported negative results (e.g., Gorenne et al. 
1998), but others (e.g., Watts 1996; Dessy et al. 1998) have reported positive results. Thus, 
it is possible that ERK1/2 may well be a physiological CaD kinase, at least in some types 
of vascular smooth muscle, but tissue-specific effects may complicate the situation. 

On the other hand, the possibility remains that ERK1/2 may have other targets in the 
smooth muscle cell. KC1 (see “Extracellularly regulated kinase ERK1/2”) or endothelin- 
mediated activation can lead to an ERKl/2-mediated activation of MLCK (Kim et al. 
2000; D’Angelo and Adam 2002). It is also well known that ERK1/2 can regulate immedi- 
ate early gene expression through an effect on transcription factors in the nucleus (Abe et 
al. 2000; Whitmarsh and Davis 1996); however, although ERK1/2 has been seen to trans- 
locate to the intranuclear space in primary cultured smooth muscle cells activated with an 
a-agonist (Mii et al. 1996), a nuclear translocation of ERK1/2 in differentiated contractile 
smooth muscle cells does not appear to occur (Khalil and Morgan 1993). Thus, ERK1/2 
may play a role in more than one signal transduction pathway in contractile and synthetic 
smooth muscle. 



Calponin 

Genera 1 properties 

Calponin (CaP) is a relatively recently discovered 32-36-kDa smooth muscle-specific pro- 
tein, whose function is still controversial. Basic hi CaP was originally identified as a 
marker of differentiated smooth muscle (Takahashi et al. 1988; Gimona et al. 1990). All 
CaP isoforms appear to interact with F-actin and inhibit actomyosin Mg-ATPase activity 
in vitro (for review, see Gimona and Small 1996). CaP binds to CaM (Wills et al. 1993), 
myosin (Shirinsky et al. 1992), desmin (Mabuchi et al. 1997), and phospholipids (Bo- 
gatcheva and Gusev 1995) but the physiological significance of these interactions is not 
yet clear. CaP is a substrate for PKC and Ca/CaM-dependent kinase II in vitro (Winder 
and Walsh 1990). 

Basic CaP contains a single calponin homology (CH) domain at the N-terminal end, 
followed by an actin binding region (Mezgueldi et al. 1995) referred to as the ABS-1 do- 
main (for actin binding sequence no. 1). This is followed by three C-terminal repeats. The 
C-terminal repeats are also reported to bind actin (Mino et al. 1998). The function of CH 
domains in proteins is somewhat unclear as the domain is present in actin binding proteins 
as well as in signaling proteins (Gimona and Mital 1998). In single CH domain containing 
proteins, such as calponin, SM22, IQGAP and Vav, the CH domain sequence does not ap- 
pear to bind actin (Gimona and Winder 1998). The CH domain of CaP is an ERK binding 
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domain (Leinweber et al. 1999). Additionally, a central segment of CaP containing part of 
the TNI-like domain and the first of the C-terminal repeats binds PKCs regulatory domain 
and facilitates the activation of PKC (Leinweber et al. 2000). 



Function of CaP in smooth muscle 

The role of calponin in muscle contractility is controversial. It has been proposed by dif- 
ferent groups that CaP may function either in a troponin-like manner to directly inhibit the 
actin-activated Mg-ATPase activity of myosin (Winder and Walsh 1990) or as a signaling 
molecule to facilitate PKC-dependent ERK1/2 activation (Menice et al. 1997). The data 
supporting the two hypotheses have been recently reviewed (Morgan and Gangopadhyay 
2001). It seems quite likely that the protein can perform different functions in different 
smooth muscle tissues under different conditions. 

Regarding a-agonists, however, in the early time points after agonist activation in ferret 
vascular smooth muscle, ERK and PKC coimmunoprecipitate and cotranslocate with CaP 
to the vicinity of the plasmalemma (Menice et al. 1997). This suggests a role for CaP as a 
signaling molecule. CaP facilitates activation of PKC and links targeting of ERK and PKC 
to the surface membrane, in the manner of an adaptor protein (Leinweber et al. 1999; Me- 
nice et al. 1997). 

A CaP knock-out mouse has been reported (Yoshikawa et al. 1998). The most obvious 
phenotypic change observed was, surprisingly, an increase in bone formation. The lack of 
obvious smooth muscle defects may be related to compensatory changes in other contrac- 
tile proteins. Smooth muscles from the calponin knock-out mice had actin levels that were 
decreased by 25-50%. This dramatic change in actin levels alone may explain the slightly 
elevated unloaded shortening velocity observed in some phasic smooth muscle tissues of 
these animals (Matthew et al. 2000). Alterations in desmin and CaD were also seen in 
these mice. 

On the other hand, an antisense approach has also been used to produce blood vessels 
in which CaP levels are acutely decreased by 50% with no change in other cytoskeletal 
protein levels (Je et al. 2001). The effect of the knock-down of CaP levels in these vessels 
was a specific inhibition of a-agonist-induced contractions accompanied by an inhibition 
of agonist-induced phosphorylation of ERK1/2 and CaD. Thus, these results are consistent 
with a role of CaP in facilitating a-agonist-induced signal transduction (Fig. 5). 



Other mechanisms of signal transduction 

Cytoskeletal remodeling 

It is known that actin filament rearrangements are regulated in growing smooth muscle 
cells. It has also been suggested that actin filament remodeling may play a role in contrac- 
tile smooth muscle (Gunst and Tang 2000). If actomyosin interactions initially cause the 
development of force and a strain on the cytoskeleton, a “gluing” of actin filaments togeth- 
er and to sites where they insert into dense bodies and attachment plaques, then this could 
maintain tension in the absence of further crossbridge cycling. This mechanism is appeal- 
ing since it could explain the well-known property of smooth muscle to be able to main- 
tain tone in the absence of ATP utilization (i.e., “latch”). Additionally, disruption of actin 
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filaments has been associated with an inhibition of agonist-induced [Ca 2+ ]; signals (Tseng 
et al. 1997), providing a possible mechanism by which mechanical signals could alter Ca 
signaling. 



Latch 

The latch hypothesis of Hai and Murphy (1989) was developed to explain the observed 
dissociations between LC20 phosphorylation and tension levels during tonic contractions. 
This hypothesis assumes that the dephosphorylation of an attached crossbridge results in a 
reduction in the detachment rate of that crossbridge, i.e., the formation of a “latch-bridge.” 
The resulting four-state kinetic model (Hai and Murphy 1989) can be fit to many experi- 
mental data with the appropriate choices for rate constants. However, clear-cut exceptions 
do exist (e.g., Nishimura et al. 1988; Jiang and Morgan 1987, 1989; Tansey et al. 1990; 
Gerthoffer et al. 1989; Moreland et al. 1987, 1992; Bradley and Morgan 1987; Papageor- 
giou and Morgan 1991). It has further been suggested that dephosphorylation of attached 
crossbridges in a strongly bound AM-ADP state, combined with “cooperative” reattach- 
ment of nonphosphorylated crossbridges through an action of attached crossbridges, could 
contribute to a modified latch model (Somlyo et al. 1988; Vyas et al. 1992). However, in 
these proposals it is difficult to visualize how the muscle maintains the stable steady-state 
levels of tone that are typical of tonic vascular smooth muscle, and it seems likely that 
latch would lead to irreversible, continuously increasing contractions (Murphy 1994). Fur- 
thermore, since the biochemical correlate of the latch-bridge has not been clearly identi- 
fied, it is also unknown if adrenergic mechanisms regulate the formation of latch-bridges. 



Integration 

In the preceding sections we presented the phenomenology of Ca 2+ signaling during « | -ad- 
renoceptor activation and the phenomenology of the biochemical systems that may also be 
involved. Experiments designed to elucidate the characteristics of protein kinase signaling 
cascades must, of necessity, be performed in tissue that is not functioning in the usual 
physiological manner. For example, production of force at a constant level of intracellular 
[Ca 2+ ] in an a-toxin permeabilized muscle exposed to GTPyS shows unequivocally the ex- 
istence and characteristics of G-protein-linked systems that influence Ca 2+ sensitivity, but 
do not reveal how such systems actually operate in a physiological, agonist-induced con- 
traction, in which Ca 2+ signaling is localized, changing over time, and in which other, in- 
teracting signal transduction systems are also activated. In this section, therefore, we at- 
tempt to integrate the available data and review certain recent experiments, conducted un- 
der near physiological conditions, which do allow a certain level of integration of informa- 
tion. The biochemistry of thick and thin filament regulation is summarized in Figs. 4, 5. 

We have reviewed primarily the available data on adrenergic activation of mammalian 
arterial smooth muscle. Yet, even within this category of smooth muscle, significant dif- 
ferences exist. A limitation on our ability to present a comprehensive picture of the con- 
tractile mechanisms activated by a \ -adrenoceptor stimulation in arterial muscle is that bio- 
chemical studies have been performed mainly on the smooth muscle of large arteries, such 
as ferret aorta or swine carotid artery, (as the biochemistry is facilitated by the availability 
of large amounts of tissue), but the high resolution imaging of Ca 2+ has been performed 
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mainly on the small arteries (as they present a more desirable specimen, optically). Fur- 
thermore, the physiology of these two types of arteries is likely to be significantly different 
from each other, reflecting their very different functions and means of physiological regu- 
lation. Therefore, in our summary, we distinguish these two types of arterial smooth mus- 
cle. Our intent is to advance a scenario of the most likely and important events taking 
place within these two types of arteries, after ai-adrenergic activation. 



Large arteries 

In large arteries, spatially averaged [Ca 2+ ]; falls dramatically from the peak transient levels 
and is low during force maintenance (e.g., Menice et al. 1997). This fact, and the fact that 
MLC 20 -P levels also fall dramatically during the maintenance of force, suggest a minor 
importance for mechanisms that increase Ca 2+ sensitivity by inhibiting MLCP or stimulat- 
ing MLCK; operation of these would enhance MLC 20 -P. Thus, there is little evidence that 
CPI-17 or the ROK are important in a\ -adrenoceptor-mediated contractions in this tissue. 
Similarly, other mechanisms such as CaMKinase II-dependent MAPK phosphorylation of 
MLCK should be relatively unimportant as this would also increase [MLC 20 -P]- These 
facts lead us to the conclusion that force must be maintained in large arteries mainly by 
thin-filament regulation. The available data support the idea, proposed previously (Morgan 
and Gangopadhyay 2001), that occupation of a \ -adrenoceptors leads to activation of 
ePKC, which binds CaP, which binds ERK. The three proteins translocate to the cell mem- 
brane, where ERK codistributes with MEK and is phosphorylated. Phosphorylation of 
ERK releases ERK from the membrane and targets ERK to CaD on the actin filaments. 
Phosphorylation of CaD by ERK contributes to disinhibition of crossbridge cycling (Mor- 
gan and Gangopadhyay 2001; Je et al. 2001) although the possible contribution of the 
latch-bridge phenomenon to the contraction of these arteries is still unknown. 



Small arteries — rat mesenteric artery 

Small arteries, such as rat mesenteric small arteries or rat cerebral arteries, have recently 
been studied under near physiological conditions, including intraluminal pressure and 
mammalian temperature. The use of pressurized (isobaric) arteries, as opposed to isomet- 
ric arteries (i.e., mounted as rings on wires) is essential. Sensitivity to agonists, which may 
be a physiological manifestation of increased Ca 2+ sensitivity, is higher in isobaric than in 
isometric small arteries (Buus et al. 1994; Dunn et al. 1994). Similarly, Ca 2+ sensitivity of 
pressurized rat cerebral arteries is enhanced at 37°C, as opposed to 22°C (Gokina and Osol 
1998). Most importantly, under these conditions, small arteries develop significant myo- 
genic tone, which does increase Ca 2+ sensitivity. For example, the Ca 2+ sensitivity of pres- 
surized rat mesenteric small arteries was found to be five times higher during pressure-in- 
duced activation compared with potassium stimulation, and twice as high as the sensitivity 
during ai-adrenergic activation (Van Bavel et al. 1998). The Rho-kinase pathway appears 
to increase Ca 2+ sensitivity significantly in pressurized rat mesenteric small arteries (Van 
Bavel et al. 1998) and activation of PKC appears to constrict pressurized cerebral arteries 
by an increase in Ca 2+ sensitivity (Gokina et al. 1999). Of course, abundant evidence links 
PKC to agonist-induced vasospasm of small arteries (Batchelor et al. 2001) and ROK to 
pathological states such as hypertension (Mukai et al. 2001). For present purposes howev- 
er, the issue is that any agonist-induced changes in Ca 2+ sensitivity will almost certainly 
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be different in arteries that have already developed increased Ca 2+ sensitivity, as a compo- 
nent of myogenic tone. While pressurized arteries develop myogenic tone, arteries mount- 
ed isometrically between wires rarely do; therefore, the operation of Ca 2+ sensitizing sys- 
tems may be different in pressurized and isometric arteries. 

Evidence for the involvement of rho- kinase in physiological, agonist-induced contrac- 
tions of pressurized rat mesenteric small arteries is the fact that the pl60ROCK inhibitor, 
Y-27632, abolished the normal contraction, in response both to low concentrations of PE 
(0.1 fj.M ) and to pressure (Van Bavel et al. 1998), but did not abolish the increase in [Ca 2+ ] 
elicited by agonist and increased pressure. In these small arteries under near physiological 
conditions, it appears therefore that the activity of pl60ROCK is important for setting a 
physiological level of Ca 2+ sensitivity that permits changes in Ca 2+ to activate contraction. 
However, this conclusion is subject to the assumption that Y-27632 is a specific inhibitor 
of pl60ROCK. 

The involvement of PKC in agonist-induced increases in Ca 2+ sensitivity of rat mesen- 
teric small arteries has been shown recently in an elegant study (Buus et al. 1998). This 
study utilized depolarized, isometrically mounted arteries that were exposed to various ex- 
ternal [Ca 2+ ], in order to control internal [Ca 2+ ], in the presence or absence of noradrena- 
line. Internal [Ca 2+ ] was measured with fura-2, and MLC 20 -P was also measured. In the 
presence of noradrenaline for 40 min at an internal [Ca 2+ ] of 1.0 /J.M , arteries developed 
approximately 60% more force than in the absence of NA, indicating an increase in Ca 2+ 
sensitivity, since [Ca 2+ ] was constant. This effect was blocked entirely by 100 nM calphos- 
tin C, implicating the involvement of PKC. (Since internal [Ca 2+ ] was being measured, 
any effect of calphostin-C to block L-type Ca 2+ channels, as it does in cardiac muscle, 
would be irrelevant.) The noradrenaline-induced Ca 2+ sensitization also involved MP, as 
complete inhibition of MP abolished the ability of noradrenaline to produce Ca 2+ sensitiza- 
tion. The force-MLC 2 o-P relationships were extremely steep (in both the absence and pres- 
ence of noradrenaline) over a certain range, with force increasing from 30-75% of control 
force with an increase of MLC 20 -P from 34^10% only (a threefold increase in internal 
[Ca 2+ ] was required to produce this change in force). Thus, these authors suggested that 
additional Ca 2+ -dependent mechanisms (i.e., in addition to MLC 20 -P), such as the thin-fil- 
ament disinhibition by phosphorylated CaD, could normally be at work to increase force. 



Proposed signal events during aj-adrenergic activation of small arteries 

Given all the available evidence discussed so far, including the protein translocation stud- 
ies, physiological experiments, and pharmacological data, we propose the following 
scheme for a 1 -adrenergic activation of isobaric small arteries (Fig. 6). A video file of Ca 2+ 
in a pressurized rat mesenteric small artery that shows some of the intracellular events as 
they actually occur is also available in the supplementary material of this article (see video 
file). The scheme applies specifically to bath-application of a.\ -adrenoceptor agonists to 
arteries that develop significant myogenic tone, and which could be considered “resis- 
tance” arteries. Examples are the smaller rat mesenteric arteries and small arteries of the 
skeletal muscle vasculature (cremaster arteries). We consider such arteries under three 
conditions. 

1. Pressurized at physiological levels (e.g., 70 mm Hg) in absence of agonist (Fig. 6a). In 
this situation, intracellular [Ca 2+ ] will be elevated, compared to what it would be at 
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lower pressures. Ca 2+ sparks will be occurring at a basal frequency and asynchronous, 
propagating Ca 2+ waves will be present at a low frequency. The Ca 2+ sensitivity of con- 
traction is relatively high, as a result primarily of activity of the Rho-kinase pathway in 
inhibiting myosin phosphatase. 

2 . Exposed to low levels of aj-agonist (Fig. 6b). In this condition, arteries constrict to a 
smaller diameter, without developing vasomotion. Initially, Ca 2+ is released syn- 
chronously from the SR of all cells, primarily through InsP3 sensitive Ca 2+ channels 
(InsP^R). Subsequent to this initial release, propagating, asynchronous Ca 2+ waves de- 
velop. These involve primarily the InsPjR. The frequency of Ca 2+ sparks is reduced, 
leading to increased voltage-dependent Ca 2+ influx. As a result of agonist activation, 
PKC, rho- A, and ERK 1/2 are translocated to the cell membrane. Phosphorylation of 
MLC20 increases as a result of the activation of MLCK by increased Ca 2+ -CaM, and 
the PKC-dependent and ROK-dependent inhibition of myosin phosphatase (MP; with 
the latter constituting an increase in Ca 2+ sensitivity, compared to the absence of ago- 
nist). Ca 2+ -dependent thin-filament disinhibition, mediated by phosphorylated CaD is 
increased. Tonic vasoconstriction is maintained by InsP^R-dependent Ca 2+ waves, ele- 
vated Ca 2+ sensitivity, and thin-filament disinhibition. 

3 . Exposed to high levels of aj-agonist (Fig. 6c). Maximal a 1 -adrenoceptor stimulation 
elicits a very rapid decrease in diameter, which is usually followed by vasomotion. 
High levels of agonist result in relatively high levels of I11SP3. Oscillatory vasomotion 
begins and continues for as long as the agonist is present, and is always associated with 
spatially uniform, synchronous Ca 2+ oscillations. These oscillations in Ca 2+ derive pri- 
marily from Ca 2+ entering the cell through voltage-gated Ca 2+ channels during oscilla- 
tions in membrane potential. Ca 2+ sparks are absent. Endothelium is required for the 
maintenance of vasomotion (at least in rat mesenteric small arteries), possibly through 
an influence of membrane potential of smooth muscle cells. Asynchronous propagating 
Ca 2+ waves are rare. Ca 2+ sensitivity of myofilaments is high, as a result of the agonist 
activation of the PKC and rho-kinase pathways. 



Fig. 6a-d Spatio-temporal heterogeneity in Ca 2+ signaling in adrenergically-activated small arteries. Top'. 
The figure shows, in schematic form, the spatio-temporal aspects of Ca 2+ signals within the wall of a pres- 
surized resistance artery activated by exposure to PE. Ca 2+ signals are heterogeneous within individual arte- 
rial smooth muscle cells, and between different cells. Inset'. Lower trace represents arterial diameter as it 
changes during a step increase in pressure (a), and then during exposure to a relatively low [PE] ( b ) and 
then a higher [PE], during which vasomotion occurs (c, d). a-d Schematic representation of events and sub- 
cellular structures within several individual smooth muscle cells within the wall of the artery. Structures 
represented (see figure key) include dense bodies, to which intermediate filaments and myofilaments attach, 
SR, gap junctions between cells, and caveolae of the surface membrane. The cytoplasmic [Ca 2+ ] is repre- 
sented by the Ca 2+ sparks and Ca 2+ waves are represented as shown in the figure key. Myo-filaments are 
shown with three levels of coloration, representing low, intermediate, and high levels of myosin light chain 
(LC 20 ) phosphorylation. Ca 2+ sparks arise often at caveolae. SR is predominantly peripheral, and often in 
close apposition to caveolae. a In a pressurized artery, Ca 2+ sparks are relatively frequent, and Ca 2+ waves 
are relatively infrequent. LC 20 phosphorylation is relatively low. b At low levels of adrenergic activation, a 
steady vasoconstriction is achieved. The frequency of asynchronous Ca 2+ waves is increased and the fre- 
quency of Ca 2+ sparks decreased. At high levels of [PE], vasomotion occurs, and changes in [Ca 2+ ] are uni- 
form and synchronous within all cells of the wall (c, d). Ca 2+ sparks are absent, and Ca 2+ is either uniformly 
high (c) or uniformly low (d), in all cells. An original video sequence which shows some of the events de- 
picted schematically here is available in the supplementary material of this publication (see video file). The 
video file shows confocal images of fluo-4 fluorescence in a pressurized rat mesenteric small artery exposed 
to PE at 1.0 p.M. Initially, the Ca 2+ signals are asynchronous propagating Ca 2+ waves and infrequent Ca 2+ 
sparks during a period of steady vasoconstriction. Then, vasomotion develops, accompanied by synchro- 
nous Ca 2+ oscillations 
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Conclusions 

First, it is clear that much more than changes in Ca 2+ are involved in adrenergically stimu- 
lated contraction of arteries. Yet, unraveling the complex interactions of the several signal 
transduction pathways involved remains a major challenge. Methods need to be devised 
by which these pathways can be studied in unperturbed cells, where the interactions can 
occur in a manner as close as possible to the way that they do in the intact organism. In 
that regard, the recent study of Miyazaki and his colleagues (Miyazaki et al. 2002) may be 
particularly important: the use of molecular biological techniques to insert fluorescent fu- 
sion proteins into cells, so that their translocation can be followed dynamically as an indi- 
cator (albeit imperfect) of activation. This may be particularly useful in smooth muscle, 
where activation involves kinase translocation. Of course, the techniques of gene transfer 
into intact tissues must be developed further before this can be achieved. Nevertheless, 
these studies hold the promise of high-resolution, dynamic imaging of physiological pro- 
tein-mediated signal transduction, together with imaging Ca 2+ signaling (as done now) 
within individual smooth muscle cells in the walls of intact small arteries. Of course, the 
use of FRET to study protein-protein interactions holds great promise for the study of sig- 
nal transduction in general. Thus, we imagine a time in the future when the protein-pro- 
tein interactions, protein translocations, and ion signaling may all be “seen,” as it were, 
during physiological function. 
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Appendix 

Methodology 

Several methods are available for observing intracellular Ca 2+ signaling in the walls of ar- 
teries, and each has distinct advantages and disadvantages. In fact, our understanding of 
the Ca 2+ signaling mechanisms activated by adrenergic stimulation has developed in paral- 
lel with development of such new methods. Most notably, the discovery of asynchronous 
propagating Ca 2+ waves in multicellular vascular smooth muscle tissue (lino et al. 1994) 
had to await the confocal microscope (although agonist-induced propagating Ca 2+ waves 
had been observed previously in noncontractile cultured vascular smooth muscle cells 
(Blatter and Wier 1992). In this section, we present very briefly the methods available for 
observing, with high spatial resolution, intracellular Ca 2+ in the individual smooth muscle 
cells of arteries and veins, in situ (i.e., within the vascular wall). The two major problems 
are tissue motion (contraction), and optical working distance. Methods for mounting small 
arteries to measure force or observe changes in diameter have been available for some 
time (see Mulvany and Aalkjaer 1990). For optical measurements, in addition, the require- 
ment for large working distance arises because the blood vessels are mounted well above 
the bottom of the recording chamber and because of the requirement to focus inside the 
vessel wall. Thus, for confocal imaging, laser light must be focused effectively through a 
thick aqueous layer, and fluorescence emission must be collected efficiently. In this situa- 
tion, the use of objective lenses designed for aqueous specimens is essential: Oil immer- 
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sion objective lenses are designed for use with fixed specimens mounted in medium of re- 
fractive index similar to glass, and confocal imaging in thick aqueous specimens is not 
possible with them. The optical performance of a confocal microscope for imaging Ca 2+ in 
intact arteries has been critically evaluated (Miriel et al. 1999). The point-spread-function 
(PSF) was measured using a single fluorescent subresolution bead placed in the interior of 
a pressurized artery, providing an accurate simulation of the optical conditions during ac- 
tual Ca 2+ imaging in intact arteries. PSF derived from beads mounted on cover-glasses 
would not be relevant to this type of imaging. Spatial dimensions of the PSF within the 
intact arterial wall were 0.26 p m laterally, and 0.7 pm vertically. For small arteries, multi- 
photon microscopy seems to provide only a modest advantage (Wier et al. 2000), probably 
because the walls of small arteries are relatively thin (<20 fim). The advantage of multi- 
photon microscopy would probably increase with larger arteries having thicker walls. The 
essential problem in high resolution Ca 2+ measurements is tissue motion. 

Obviously, tissue motion presents a problem for imaging a constant optical section of 
the arterial wall, but it is also important because sensitivity to adrenergic agonists may be 
markedly dependent on wall tension (Van Bavel and Mulvany 1994), which changes when 
diameter changes. 



The immobilized artery 

The first solution to the problem of motion during imaging Ca 2+ with high spatial resolu- 
tion was that of lino and colleagues (lino et al. 1994). They created an extended flat prep- 
aration by sliding a section of rat caudal artery over a flattened glass cannula. This has the 
desirable effect of producing a large flat specimen that can be placed close to the bottom 
of a recording chamber. For confocal optical sectioning however, even slight motion is a 
problem, and in this study therefore, Cytochalasin D (5.0 /uM ) was added to prevent mo- 
tion. This type of preparation was also used for the first recordings of Ca 2+ sparks in mul- 
ticellular vascular smooth muscle preparations (Nelson et al. 1995). While convenient for 
optical recording, this preparation has two very significant disadvantages; (a) it does not 
permit monitoring of contractile performance, either force or shortening, and (b) cells are 
stretched an indeterminate amount, and bear an unknown amount of wall tension. The lat- 
ter is important in determining sensitivity to agonists (Van Bavel and Mulvany 1994), and, 
if too high, is damaging. 



The confocal wire myograph 

The confocal wire myograph is a development of the classical arterial ring preparation and 
its use offers several advantages over flattened glass tubes. With this device, two wires 
(30 pm or 40 pm in diameter) are inserted into the lumen of the artery, and the artery is 
then stretched into a flattened oval shape. One of the wires is fixed, and the other is at- 
tached to a force transducer. The wires are mounted on micromanipulators such that the 
artery can be lowered to just above the chamber bottom, which must be a glass cover slip. 
The artery must be lowered to within the working distance of a “water” objective lens 
(typically 220 pm). A major advantage of this device is that arteries can be stretched to 
provide a known (and reproducible) wall tension, and, of course, force development can 
be measured. The smooth muscle cells are stretched out flat, and thus this method also 
provides a good specimen for optical imaging. Its primary disadvantage is that the artery 
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Fig. 7A, B Confocal optical sectioning of the vascular wall of pressurized mesenteric arteries during vaso- 
motion A and steady vasoconstriction B. A, inset ) The stippled plane indicates a "horizontal radial” optical 
section as obtained by the confocal laser-scanning microscope. Individual smooth muscle cells (SMC) will 
appear in crosssection in this type of image A, a, b). This optical section is coplanar with a plane through 
the geometrical center of the artery. Note that the vertical component of vasomotion (arrow) is zero in this 
case, thus obviating movement artifacts that occur when the confocal microscope is focused in other planes. 
Individual smooth muscle cells (SMC) can be observed unambiguously during the vasomotion A, a, b), al- 
though their shape changes. B Inset'. The stippled plane indicates a “tangential" optical section. High reso- 
lution horizontal tangential optical sections, showing the individual SMC in longitudinal section (B, a). This 
type of optical section can be used during steady vasoconstriction and in arteries mounted isometrically, on 
glass cannulae. (From Mauban et al. 2001) 



is forced to contract isometrically, something that probably does not occur physiologically. 
In this preparation, wall tension increases during contraction. 



The pressurized artery 

This type of preparation clearly is the most physiological. Through the use of pressure 
transducers and a servo-controlled pump, intraluminal pressure or flow can be controlled. 
Arteries can be made to contract at constant pressure (isobaric). Provided the pressure is 
not too great, activation will then result in a decrease in arterial radius (R), which can be 
readily measured with video-based edge detectors. In this case, (according to the Law of 
LaPlace, T=PxR) wall tension actually decreases (since internal pressure, P, remains con- 
stant). Of course, the major disadvantage of this method is that this unrestricted motion 
interferes with confocal optical sectioning. In fact, the first confocal images of intracellu- 
lar Ca 2+ in pressurized arteries (Miriel et al. 1999) were obtained only in arteries at rest or 
in arteries that had constricted in response to adrenergic agonists, but which were not un- 
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dergoing vasomotion. By focusing the confocal microscope in a plane through the center 
of the artery, however, some of the effects of wall motion can be lessened (Fig. 7, from 
Mauban et al. 2001). In this plane of focus, the smooth muscle cells of the arterial wall are 
viewed in crosssection, and the same region of a particular cell stays roughly in focus, de- 
spite motion, because the motion in that one plane is entirely horizontal (there is no verti- 
cal component of motion in the arterial wall in the one plane that goes through the center 
of the artery). Of course, if the artery is viewed in an optical section through the wall at 
the bottom, then the opposite is true (all the motion is vertical), and the specimen disap- 
pears from view quickly. Through the use of an appropriate feedback system, the pressur- 
ized artery can also be made to contract truly isometrically (Van Bavel and Mulvany 
1994). These authors devised a system in which changes of the vessel diameter resulted in 
a change in the amount of fluorescence light from a dye contained in the vessel lumen. 
Any change in diameter from the desired value was sensed by this system and was used in 
a feedback circuit to clamp arterial diameter at the desired level (by adjusting internal 
pressure). This system yielded important information about the effect of wall tension on 
agonist sensitivity. Such a system has not yet been combined with confocal microscopy of 
Ca 2+ -indicator signals. 



Supplementary material 

The data on Ca 2+ signaling are best viewed dynamically, and several video files are in- 
cluded as supplementary material with this article. Video files viewable with standard 
computer media players have also been published as supplementary data with several of 
the studies reviewed here (Zang et al. 2001; Mauban et al. 2001; Zhang et al. 2002; Lam- 
ont and Wier 2002). 
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Abstract Neurotransmitters are key molecules of neurotransmission. They are concentrat- 
ed first in the cytosol and then in small synaptic vesicles of presynaptic terminals by the 
activity of specific neurotransmitter transporters of the plasma and the vesicular mem- 
brane, respectively. It has been shown that postsynaptic responses to single neurotransmit- 
ter packets vary over a wide range, which may be due to a regulation of vesicular neuro- 
transmitter filling. Vesicular filling depends on the availability of transmitter molecules in 
the cytoplasm and the active transport into secretory vesicles relying on a proton gradient. 
In addition, it is modulated by vesicle-associated heterotrimeric G proteins, Gao2 and 
Gaq, which regulate VMAT activities in brain and platelets, respectively, and may also be 
involved in the regulation of VGLUTs. It appears that the vesicular content activates the 
G protein, suggesting a signal transduction form the luminal site which might be mediated 
by a vesicular G-protein coupled receptor or, as an alternative, possibly by the transporter 
itself. These novel functions of G proteins in the control of transmitter storage may link 
regulation of the vesicular content to intracellular signal cascades. 



Introduction 

Neurotransmitters are key molecules of neurotransmission. They are concentrated first in 
the cytosol and then in small synaptic vesicles of presynaptic terminals by the activity of 
specific neurotransmitter transporters of the plasma and the vesicular membrane, respec- 
tively. Following an action potential, synaptic vesicles fuse with the plasma membrane 
and release their transmitter content as multimolecular packets into the synaptic cleft, 
where the transmitter reacts with receptors at the postsynaptic site. It has been shown that 
postsynaptic responses to single neurotransmitter packets vary over a wide range. This 
might be due to variations in the postsynaptic receptor population or modulations of their 
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affinities. Alternatively, the amount of transmitter molecules vary per single vesicular 
quantum. Both parameters may vary and contribute to synaptic strength and synaptic plas- 
ticity. Changes in synaptic plasticity have been confined more to postsynaptic events, 
while the contribution of a regulated vesicular filling is probably underestimated. The 
present review will focus on the regulation of vesicular neurotransmitter filling which de- 
pends on the availability of transmitter molecules in the cytoplasm and the active transport 
into secretory vesicles relying on a proton gradient, but which is also linked to intracellular 
signaling pathways. 



Factors influencing synaptic strength and neurotransmitter content of secretory vesicles 

Communication within the nervous system and between neurons and nonneuronal tissue is 
mainly sustained by synaptic transmission. Synaptic transmission involves a highly regu- 
lated fusion process between synaptic vesicles and the plasma membrane initiated by the 
formation of the ternary SNARE complex (Sutton et al. 1998; Jahn and Siidhof 1999; Lin 
and Scheller 2000). This fusion process is more or less common to all vesicles irrespective 
of the nature of the stored transmitter. The availability of the individual SNARE proteins 
and their interaction with presynaptic cytoskeletal elements determine the number of vesi- 
cles released and consequently add to synaptic strength. These parameters also define the 
readily releasable and the reserve pool of synaptic vesicles (Pieribone 1995). Short-term 
depression is caused when rapid action potentials expend the readily releasable pool more 
rapidly than it recovers (Stevens and Wesseling 1999). Depending on the type of synapse, 
a more or less rapid refilling of vesicles in the readily releasable pool may result in more 
or less pronounced short-term depression. Vesicle pool organization emerges during neu- 
ronal development. Nevertheless, the organization of vesicles in either pool does not ap- 
pear to depend directly on their transmitter content (Mozhayeva et al. 2002). At least at 
the neuromuscular junction, some types of depression are due to a reduced refilling of ves- 
icles with neurotransmitter (Elmquist and Quastel 1965). Even almost empty vesicles ap- 
pear to have the same chance to fuse with the membrane (Travis et al. 2000; van der Kloot 
et al. 2000, 2002). Therefore, transmitter content and fusion capacity are regulated by dif- 
ferent mechanisms. Irrespective of whether a vesicle is able to immediately fuse with the 
plasma membrane (as a member of the readily releasable pool) or is recruited from the re- 
serve pool, the transmitter content directly influences the postsynaptic response. Thus, in 
addition to the availability of synaptic vesicles for fusion, synaptic strength also depends 
on the concentration of transmitter in the synaptic cleft which directly correlates with the 
filling stage of presynaptic vesicles. 



Secretory vesicles and their neurotransmitter transporters 

Various secretory vesicles store low molecular weight neurotransmitters. These include 
small synaptic vesicles (SSV) in neuronal terminals, SSV-analogues also referred to as 
small synaptic-like microvesicles in neuroendocrine cells, and dense core and large dense 
core vesicles occurring beside SSV in neurons and neuroendocrine cells. Dense core vesi- 
cles also contain a variety of peptides as cotransmitters. Neurotransmitters are concentrat- 
ed in secretory vesicles by means of vesicular neurotransmitter transporters. So far, seven 
transmitter-specific vesicular neurotransmitter transporters have been identified. 
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Vesicular monoamine transporters 

Two structurally related but pharmacologically distinct vesicular monoamine transporters 
(VMAT) are known. VMAT1 has been cloned from PC12 cells (Liu et al. 1992) and 
VMAT2 from rat brain (Liu et al. 1992; Erickson et al 1992; Liu et al. 1994). VMAT2 is 
the dominant transporter in brain, but also occurs in a variety of peripheral cells like sym- 
pathetic neurons, enterochromaffin-like cells (Peter et al. 1995; Erickson et al. 1996), and 
also in blood platelets (Lesch et al. 1993). By contrast, VMAT1 appears to occur only in 
the periphery, at least in adult individuals. During development of the rat central nervous 
system, a transient coexpression of VMAT1 and VMAT2 has been reported for limbic 
structures, basal ganglia, and some hypothalamic structures (Hansson et al. 1998), but the 
tissue-specific coding for one of the transporters appears to be developmentally predeter- 
mined (Schiitz et al. 1998). Both transporters accept monoamines such as serotonin, dopa- 
mine, noradrenaline, and adrenaline at comparable concentrations with micromolar K m 
values for VMAT1 and submicromolar K m values for VMAT2 in rat (Peter et al. 1994) 
and humans (Erickson et al. 1996). VMAT2 also transports histamine, barely recognized 
by VMAT1, and is ten times (rat; Peter et al. 1994) to 100 times (human; Erickson et al. 
1996) more sensitive to tetrabenazine. VMAT2 has a general higher affinity for monoa- 
mines than VMAT1, which may be required for rapidly recycling SSV in brain in contrast 
to more slowly filling secretory granules in the adrenal medulla (Peter et al. 1994). 



Vesicular acetylcholine transporter 

The vesicular acetylcholine transporter VAChT has been cloned first from Caenorhabditis 
elegans as UNC-17 (Alfonso et al. 1993) followed by its identification in Torpedo (Varo- 
qui et al. 1994) and rat (Erickson et al. 1994). VAChT is closely related to the VMATs 
and has a unique relationship to the gene of choline acetyltransferase (Usdin et al. 1995). 
It occurs exclusively on SSV of cholinergic terminals in the peripheral and central nervous 
system (Weihe et al. 1996). In tegmental neurons, high concentrations of VAChT have 
also been found to be associated with tubulovesicular structures in dendrites, suggesting 
an additional dendritic release of actelycholine (Garzon and Pickel 2000). Despite its close 
relationship to VMATs, VAChT has an almost 1,000-fold higher millimolar range K m val- 
ue for acetylcholine transport (Varoqui and Erickson 1996). 



Vesicular glutamate transporters 

Three vesicular glutamate transporters, VGLUT1 (Bellocchio et al. 2000; Takamori et al. 
2000a), VGLUT2 (Fremeau et al. 2001; Bai et al. 2001; Takamori et al. 2001; Hayashi et 
al. 2001), and VGLUT3 (Gras et al. 2002; Takamori et al. 2002; Fremeau et al. 2002; 
Schafer et al. 2002) have been cloned. VGLUT1 and 2 have been originally described as 
brain-specific or differentiation-associated, Na + -dependent inorganic phosphate trans- 
porters, BNPI (Ni et al. 1994) or DNPI (Hisano et al. 2000), respectively, but later have 
been shown to transport glutamate with high avidity and specificity. Generally, the three 
VGLUTs exhibit a higher K m to their substrate than VMATs, approximately 1-2 mM for 
both VGLUT1 and VGLUT2 (Bellocchio et al. 2000; Gras et al. 2002) and about 0.6 mM 
for VGLUT3 (Gras et al. 2002). All three are, however, very specific for glutamate and do 
not accept other amino acids like aspartate (Takamori et al. 2000a, 2001; Gras et al. 
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2002). The apparent affinity of glutamate to vesicular glutamate transporters is 1-2 orders 
of magnitude lower than to its various plasma membrane transporters. Nevertheless, ap- 
parently a high cytoplasmic concentration of glutamate of 100 mM guarantees a sufficient 
loading of vesicles with the transmitter (for review, see Danbolt 2001). High amounts of 
extracellular glutamate, which may excessively activate glutamate receptors, are harmful 
for neurons and the balance of the neuronal network. Therefore, it is important to keep the 
extracellular concentration low, which explains the several thousand-fold gradient over 
the plasma membrane, especially in nerve terminals (Danbolt 2001 and references cited 
therein). Cytosolic glutamate, in contrast, is harmless; therefore, the concentration gradient 
between the cytosolic and the intravesicular compartment reaches only a factor of ten. 
This, in turn, is in contrast to VMATs. Their substrate affinity is high because an increased 
concentration of monoamines may lead to oxidized products interfering with mitochondri- 
al enzymes. In addition to their function as vesicular glutamate transporters, VGLUT1 and 
VGLUT2 appear to transport phosphate into the cytoplasm of nerve terminals (Ni et al. 
1994) probably when integrated in the plasma membrane. So far, it is unclear how the de- 
cision between either function is regulated. 

VGLUT1 and VGLUT2 have a distinct and mutually exclusive distribution in brain, 
with VGLUT1 being the dominant transporter in cortex, hippocampus, and cerebellum 
(Fremeau et al. 2001; Fujiyama et al. 2001; Kaneko and Fujiyama 2002), and VGLUT2 in 
thalamic and hypothalamic regions (Hisano et al. 2000; Sakata-Haga et al. 2001; Fujiyama 
et al. 2001; Fremeau et al. 2002; Kaneko and Fujiyama 2002). In addition, VGLUT2 is 
expressed in the pineal gland and in a-cells of Langerhans islets, suggesting a role in en- 
docrine function (Hayashi et al. 2001). A strict separation between VGLUT1- and VG- 
LUT2-containing terminals has been shown for cerebellar cortex where parallel fiber ter- 
minals contain VGLUT1, whereas climbing fiber terminals have VGLUT2 (Fremeau et al. 
2002). In contrast, VGLUT3 is found in serotonergic, cholinergic (Fremeau et al. 2002; 
Gras et al. 2002; Schafer et al. 2002), and GABAergic terminals (Fremeau et al. 2002), 
suggesting a role for glutamate as cotransmitter in these nerve terminals. 



Vesicular GABA or inhibitory amino acid transporter 

The vesicular GABA transporter (VGAT), also referred to as vesicular inhibitory amino 
acid transporter (VIAAT), was cloned in parallel from Caenorhabditis elegans (Mclntire 
et al. 1997) and from mouse (Sagne et al. 1997). VGAT also transports glycine; it exhibits 
a very low affinity for its substrate GABA (in the millimolar range) and an even lower for 
glycine (Sagne et al. 1997; Mclntire et al. 1997; Bedet et al. 2000). Its presence on a sub- 
set of synaptic vesicles was confirmed by immunoisolation of GABA-specific vesicles 
from rat brain using a VGAT-antibody (Takamori et al. 2000b). VGAT has been found in 
terminals of GABAergic and gycinergic neurons, suggesting that it is the main vesicular 
transporter for inhibitory transmitters in brain (Chaudry et al. 1998; Dumoulin et al. 
1999). 



Cytoplasmic concentration of transmitters in the presynaptic terminal 

Vesicular filling due to the various vesicular transmitter transporters described above de- 
pends on the availability of the respective transmitter, i.e., its concentration in the presyn- 
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aptic cytosolic compartment. The synthesizing and metabolizing enzymes specific for 
monoamines, GABA, and glutamate sustain a certain level in the presynaptic terminal. 
Changes in the concentration of these enzymes or their inhibition by drugs directly influ- 
ence the cytoplasmic transmitter concentration. For example, an inhibition of the GABA 
degradating enzyme GABA transaminase increases the GABA concentration in the pre- 
synaptic terminal (Engel et al. 2001) and tissue monoamine concentrations are increased 
in mice deficient for monoamine oxidase A (Cases et al. 1995). 

Rapid and localized changes of neurotransmitter concentrations occur beneath the pre- 
synaptic membrane by the activity of plasma membrane transporters to clear the synaptic 
cleft from released neurotransmitter. Two distinct gene families encoding plasma mem- 
brane transporters have been identified. One is the sodium dependent transporters, includ- 
ing those for dopamine, noradrenaline or serotonin, and GABA and Glycin. Evidence 
emerged that these transporters undergo a rapid regulation of their translocation to the 
plasma membrane. The dopamine transporter DAT is rapidly cleared from the plasma 
membrane by endocytosis when activating PKC (Daniels and Amara 1999). Transport ac- 
tivities are negatively regulated by syntaxinlA as shown for the GABA transporter GAT1 
(Deken et al. 2000), the glycin transporters GLYT1 and GLYT2 (Geerlings et al. 2000), 
and the serotonin transporter SERT (Haase et al. 2001). The second family codes for trans- 
porters of excitatory amino acids like glutamate and aspartate. A variety of neuronal and 
glial plasma membrane transporters (excitatory amino acid transporters, EAATs) with 
varying substrate specificity assure the rapid clearance of glutamate from the synaptic cleft 
(for review, see Danbolt 2001). The efficiency of transmitter transport into the cytosolic 
compartment may be regulated by sorting more or less transporter molecules to the plasma 
membrane. It may be that transmitter transporters reside on vesicles beneath the plasma 
membrane from where they can be rapidly recruited by membrane fusion and so modulate 
the duration of postsynaptic responses. This has recently been shown for GAT1, which is 
rapidly recycled upon Ca 2+ -dependent exocytosis and stored in a distinct class of vesicles 
lacking synaptophysin and VGAT (Deken et al. 2003). 

The activity of metabolizing and catabolizing enzymes as well as plasma membrane 
transporters add to the amount of transmitter molecules available in the cytosol of the ter- 
minal and indirectly to the amount of transmitter to be concentrated inside synaptic vesi- 
cles. Accordingly, mice lacking the serotonin transporter SERT have reduced serotonin 
concentrations in different nervous tissues and adrenal glands (Vogel et al. 2003). 



Variability in the transmitter content of individual vesicles 

Data on the intravesicular concentrations of neurotransmitters mostly rely on the respec- 
tive miniature inhibitory or excitatory postsynaptic currents, where receptor affinity, mor- 
phology of the synaptic cleft, and distance from the receptors add to the signal analyzed 
and thus obscure the amount of transmitter released by a single vesicle. Amperometry, 
which is used for the detection of monoamines, overcomes this problem because the 
amount of transmitter released by a given vesicle may be measured directly. By correlat- 
ing amperometric charge and vesicular size, Bruns and colleagues showed that the varia- 
tions in released quanta are due to variations in the volume of the respective secretory ves- 
icles. On average, the transmitter concentrations in SSV and LDCV are similar, being 
270 mM with LDCV exhibiting a greater variability than SSV (Bruns et al. 2000). 
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Probably unstimulated neurons that have not experienced changes in their environment 
constitutively set their vesicular transmitter content according to a balanced equilibrium 
leading to a similar transmitter concentration in all vesicles (Bruns et al. 2000). Variations 
in the availability of transmitter due to changes in synthesis or metabolism may influence 
transmitter release if vesicles could accept more. Variations in quantal size have been doc- 
umented at the frog neuromuscular junction, leading to the idea that vesicular filling may 
vary (van der Kloot 1991). These variations could be described either by a set point or by 
a steady state model, suggesting that vesicles can only accept a certain amount or get more 
filled if more neurotransmitter is available, respectively (Williams 1997). Vesicles with 
varying transmitter content have the same chance to fuse with the plasma membrane as 
has been reported for cholinergic vesicles (van der Kloot et al. 2000) and monoamine stor- 
ing vesicles in VMAT2-deficient mice (Travis et al. 2000). Therefore, fusion competence 
and transmitter filling are regulated separately. 

The impact of variations of the vesicular transmitter content has been investigated for 
the monoaminergic system in detail. Offering the dopamine precursor DOPA to PC 12 
cells (Pothos et al. 1998a) or midbrain dopaminergic neurons (Pothos et al. 1998b) increas- 
es the amount of transmitter released as measured by amperometry. Similarly, an increase 
in the amount of transmitter transporters as shown for VAChT (Song et al. 1997), and 
VMAT2 (Pothos et al. 2000) increases the stimulated release of neurotransmitters. All 
these data suggest that secretory vesicles can accept more transmitter if conditions permit. 
Whether the vesicular concentration or the volume changes is not yet clear, and controver- 
sial data can be obtained from the literature. Studies on PC 12 cells suggest that increasing 
the amount of transmitter increases the volume of secretory granules, while decreasing the 
vesicular filling by reserpine shrinks the vesicles (Colliver et al. 2000). On the other hand, 
a 48-h incubation of leech neurons with reserpine appeared to not change the morphology 
of serotonin storing vesicles (Bruns et al. 2000). Accordingly, changes in the actetyl- 
choline content did not change the size of secretory vesicles (Van der Kloot et al. 2002). 
Therefore, it appears that smaller vesicles are not completely filled and can change their 
luminal transmitter concentration. Whether special large dense core vesicle may have ad- 
ditional regulatives allowing them to change their volume is not yet clear. 



Role of postsynaptic receptors for synaptic strength 

The number of postsynaptic receptors and their affinity for the respective neurotransmitter 
are certainly important for synaptic strength. Regulation of vesicular filling by means oth- 
er than constitutive processes would be pointless if postsynaptic receptors following an ex- 
ocytotic event are generally saturated by peak concentrations of neurotransmitters in the 
synaptic cleft. Therefore, the question is: “Do the conditions in the synaptic cleft with re- 
spect to transmitter concentration and presence allow a saturation of all post- and presyn- 
aptic receptors?” And secondly, “Is a synapse a unit on its own or does crosstalk between 
neighboring synapses exist?” 

The maximum fraction of receptors that bind transmitter in the likely range of peak 
transmitter concentration depends on the time course and peak concentration of the indi- 
vidual transmitter in the synaptic cleft. Mostly, the transmitter is not present long enough 
in the synaptic cleft — below 1 ms as predicted from kinetic models for the GABA A -recep- 
tor (Frerking and Wilson 1996) — to permit equilibration of receptor binding. Receptor oc- 
cupancy may differ between types of synapses and even among different sites on the same 
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cell. Postsynaptic responses depend on the affinity of the respective receptors. Receptors 
with constants in the low millimolar range will probably not activate under certain condi- 
tions, but could be activated if transmitter quanta are increased (Frerking and Wilson 
1996). In addition, clearance of the synaptic cleft first depends on the activity of plasma 
membrane transporters (in the case of acetylcholine on the activity of the acetylcholine es- 
terase) and second on the synaptic morphology, which may allow or prevent diffusion and 
spillover of transmitter (Danbolt 2001). Nonsaturation of postsynaptic receptors by single 
presynaptic events have been described for NMDA-receptors (Mainen et al. 1999; Ishika- 
wa et al. 2002), AMPA-receptors (Ishikawa et al. 2002), and GABAA-receptors (Hajos et 
al. 2000). 

Synaptic crosstalk may be relevant to phenomena such as long-term potentiation or de- 
pression in which the associativity and cooperativity of synapses are important. Crosstalk 
could be predicted by calculating glutamate diffusion in correlation to the kinetic parame- 
ters of, i.e., glutamate receptors and plasma membrane transporters, and may apply to a 
variety of synapses, including mossy fiber synapses in hippocampus or cerebellum (Bar- 
bour and Hausser 1997). Transmitter crosstalk preferentially activates high affinity recep- 
tors, which often produce long-lasting responses like NMDA or metabotropic receptors. It 
might represent an amplification mechanism when many synaptic contacts are formed by 
the same presynaptic fiber as in synapses between climbing fibers and Purkinje cell den- 
drites. By diffusion of the transmitter away from the release site, a background tuning is 
obtained (Barbour and Hausser 1997) as probably being the principle for a variety of 
monoaminergic synapses (for review, see Agnati et al. 1995). 

The evidence for postsynaptic receptors being not saturated and for an existence of spil- 
lover of transmitter makes a regulation of vesicular filling feasible. 



Regulation of vesicular transporter activity 

Many vesicular transporters have been characterized at the molecular level; however, little 
is known about whether they are regulated by means of factors other than availability of 
the transmitter and ion gradients over the vesicular membrane. While changes in the cyto- 
solic transmitter concentration may directly influence the vesicular filling stage, it is not 
clear whether the filling of a given vesicle is only constitutively regulated or whether it 
can be also modified in accordance with other signals from the extracellular environment. 
In other words, can a neuron increase or decrease the filling stage of its vesicles? 



Influence of proton and ion gradients 

Generally, the activity of all vesicular transporters depends on an electrochemical gradient 
(ApH + ) over the vesicular membrane extensively described for monoamine uptake into 
chromaffin granules (Johnson 1988). The gradient consists of a proton gradient (AH + ) built 
up by the activity of the vacuolar H + -ATPase, which generates an intravesicular pH of 
about 5.6 and an electrical gradient (At [/) that — due to the increase of positive charges in 
the vesicle lumen — results in a positive membrane potential towards cytosol. The electro- 
chemical gradient supplies the driving force for concentrating transmitters in the vesicle 
lumen. These principle also apply to transmitter packaging into small synaptic vesicles, 
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where the differences in ion gradients necessary for optimal GABA, glutamate, or dopa- 
mine uptake have been realized before the molecular identification of the respective trans- 
porters (Hell et al. 1988, 1990; Maycox et al. 1990). The various transporters differ in that 
they rely either more on AH + or on At//, or equally on both. VMATs and VAChT activity 
strictly depends on (AH + ) with less influence of At //, while VGLUTs depend more on At//, 
and VGAT on both (Johnson 1988; Hell et al. 1990; Maycox et al. 1990; Schuldiner et al. 
1995; Reimer et al. 1998). Physiologically, AH + and At// drive as ApH + the vesicular trans- 
mitter uptake. Increasing vesicular chloride concentration by opening of vesicular chlorid 
channels increases AH + while decreasing At//. A decrease in chloride intake increases At// 
and decreases AH + due to reduced proton accumulation, since under this condition the pos- 
itive charges in the vesicular lumen are not neutralized by chloride ions (Maycox et al. 
1990; Reimer et al. 2001). VMATs and VAChT transport one transmitter molecule in ex- 
change for two protons; VGLUTs and VGAT exchange one proton for one transmitter 
molecule (Schuldiner et al. 1995; Reimers et al. 2001). In addition, glutamate acidifies the 
vesicular lumen comparable to chloride since the negatively charged glutamate ions result 
in an increased uptake of protons via ATPase. To balance charge, an additional chloride is 
probably transported from the vesicular lumen to the cytosol (Maycox et al. 1990; Wolos- 
ker et al. 1996). A large At// apparently increases the affinity of VGLUTs towards their 
substrate, but a large AH + positively influences the trapping of glutamate inside the vesicle 
(Wolosker et al. 1996). At a given number of transporter molecules, the transmitter con- 
centration inside the vesicle thus depends on the availability of the transmitter and — de- 
pending on the respective transporter — on AH + and At//. The highest gradient for transmit- 
ters are sustained by VMATs which concentrate monoamines by a factor of 10 4 or 10 5 . In 
resting LDCV and SSV of the leech synapse, an average serotonin concentration of 
270 mM was measured (Bruns et al. 2000). In chromaffin granules additional intravesicu- 
lar components, i.e., the chromogranins, add to an effective trapping, yielding catechol- 
amine concentration over 1 M (Johnson 1988; Schuldiner et al. 1995) The other trans- 
porters like VGLUTs and VGAT concentrate the transmitters only tenfold or less over the 
cytoplasmic concentration yielding an intravesicular concentration of about at least 
100 mM for glutamate (Danbolt 2001). 



Vesicle-associated G proteins as modulators of vesicular neurotransmitter content 

Heterotrimeric G proteins consisting of an a-, a /J-, and a y-subunit are molecular switches 
coupling seven membrane spanning receptors to intracellular effector systems. So far, 23 
a-, 5 /J-, and 1 1 y-subunits have been described which give more than 1,000 possible com- 
binations conferring specificity to receptor G protein and G protein-effector interactions. 
Upon receptor activation, the Ga-subunit exchanges a GDP against a GTP and dissociates 
from its /3y-subunit. Both activated Ga- as well as G/Jy-subunits interfere with various in- 
tracellular signal cascades. The G /(-subunits are considered to be essential for the func- 
tional coupling of Ga-subunits with receptors. G/I5 appears to be an exception, as it inter- 
acts with G-protein effectors in the absence of a y-subunit (Sondek and Siderovsky 2001). 
So far, only Gao (Jiang et al. 1998) and Gaq (Offermanns 1999) have been associated 
with central nervous system defects in genetic ablation studies. In this respect, it is remark- 
able that only scarce information about upstream and downstream signals of Gao exists 
although it comprises about 1% of total protein in brain (Jiang et al. 1998; Dhingra et al. 
2002). 
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Apart from their localization at the plasma membrane, G proteins are also found on var- 
ious endomembrane systems, playing a role in membrane traffic and functional properties 
of intracellular organelles. While many data exist on the signal transduction from plasma 
membrane receptors to the respective G proteins and their addressed signal cascades, the 
activation of organelle-associated G proteins is less well understood. Three ways of activa- 
tion may be possible. First, association of G protein subunits with endomembranes may be 
an intermediate step during activation of plasma membrane receptors. Second, organelle- 
associated G proteins could be activated by cytosolic factors. As a third possibility, G pro- 
teins reside as functional heterotrimers on endomembranes like secretory vesicles, where 
they also might well be activated from the luminal side of organelles (Niirnberg and Ahn- 
ert-Hilger 1996) and control vesicular properties like the filling stage (see “Vesicular fill- 
ing as a regulator”). As a prerequisite for the last case, G-protein heterotrimers should be 
present on all types of transmitter- storing vesicles, and subtypes of secretory vesicles 
might differ in their subunit composition. 



G proteins of different subunit composition on vesicular subpopulations 

An association of G-protein subunits with secretory vesicles was first seen for Gia-sub- 
units in synaptic terminals of basal ganglia (Aronin and DiFiglia 1992). A vesicle subtype 
specific association of various Gai and Gao-subunits was then obtained when analyzing 
purified secretory vesicles from bovine adrenal medulla and rat brain (Ahnert-Flilger et al. 
1994). Subclasses of SSV differ in their neurotransmitter transporter, which may also be 
reflected by different subsets of G proteins. During subcelluar fractionation or immunoiso- 
lation, G-protein subunits may dissociate, obscuring a specific and differential association 
with subtypes of secretory vesicles. Quantitative postembedding immunogold electron mi- 
croscopy using antibodies against the various vesicular transmitter transporters overcomes 
these problems. On chromaffin granules of the rat adrenal medulla Gao2, Gaq, and GfS- 
subunits, mostly G/J2, could be identified and colocalized with either VMAT1 (see Fig. 1) 
or VMAT2 (Pahner et al. 2002). Since the G/J-subunits 1-4 have to be tightly bound to a 
Gy-subunit, these data indicate that chromaffin granules are equipped with functional G- 
protein heterotrimers which regulate VMAT activity (Pahner et al. 2002). In addition, 
Gao2 is also seen on VMAT2 containing SSV in serotonergic terminals (Holtje et al. 
2000). When quantifying G-protein subunits on SSV in different synaptic terminals de- 
fined by the expression of either VGLUTs or VGAT, it turned out that even glutamatergic 
vesicles differ in their G-protein subunit profile depending on the VGLUT subtype. Fig. 2 
shows the double immunogold labeling of cerebellar parallel fiber terminals and Schaffer 
collateral terminals identified by the presence of VGLUT 1 and cerebellar climbing fiber 
terminals identified by the presence of VGLUT2 with antibodies recognizing various GfS- 
subunits (G/ll-4) or specifically G/32 (Pahner et al. 2003). Figure 3 compares the amounts 
of vesicle-associated Gao2 and G/Tsubunits in parallel fiber (VGLUT1) and climbing fi- 
ber (VGLUT2) terminals. In both types of glutamatergic terminals, equal amounts of 
Gao2, Gp I -4, and Gy 7 are found to be associated with SSV. However, only SSV in paral- 
lel fiber terminals have Gf2. SSV of GABAergic basket cell terminals exhibit less Gao2 
compared to the two glutamatergic terminals and also less Gf2 compared to parallel fiber 
terminals (Pahner et al. 2003). 
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Fig. 1A, B G-protein subunits on chromaffin granules of the rat adrenal medulla. Double immunogold la- 
beling for VMAT1 (large gold particles, several indicated by arrowheads) and either (iao2 (A) or G/32 (B; 
small gold particles, several indicated by arrows) was performed as given (Pahner et al. 2002). VMAT1 
and G-protein subunits are found to be colocalized on granules. Scale bar, 200 nm 



These data provide strong evidence for functional G-protein heterotrimers on SSV. Fur- 
thermore, they indicate that different subsets of SSV are characterized by specific G-pro- 
tein subunit combinations depending on the respective vesicular transmitter transporter. 



Ga-subunits as regulators ofVMAT and VGLUT activity 

G-protein heterotrimers reside on secretory vesicles but so far only Ga-subunits appear to 
affect vesicular transmitter transporter activity. In permeabilized PC 12 cells, VMAT1 ac- 
tivity is downregulated by nonhydrolysable GTP-analogs, GTPyS, and GMppNp, which 
activate G-protein a-subunits, but not by GDP/3S, which stabilizes the inactivated stage. 
The VMAT1 downregulating effects of GTP-analogues can be prevented by preincubating 
the cells with pertussis toxin. Downregulation is also observed when using activated 
Gao2. Neither activated Gail and Gai2 nor Gaol sustain the inhibition of VMAT1 activ- 
ity in PC 12 (Ahnert-Hilger et al. 1998) and human BON cells (Holtje et al. 2000). Similar- 
ly, VMAT2 activity is exclusively downregulated by Gao2, irrespective of whether the 
transporter resides on large dense core or small synaptic vesicles. Finally, using SSV 
preparations from rat or mouse brain, VMAT2 activity can be inhibited by activated 
Gao2, but not when using Gaol (Holtje et al. 2000, see Fig. 4). The same applies to 
VMAT1 when using a chromaffin granule preparation from the rat adrenal medulla (Pahn- 
er et al. 2002). Taken together, vesicle-associated Gao2 regulates VMAT activity. 

Blood platelets may be regarded as a very reduced model for serotonergic neurons. 
They are the major storage sites of serotonin apart from brain. Platelets take up serotonin 
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Fig. 2A-F G-protein subunits in different types of glutamatergic terminals. Three types of glutamatergic 
terminals characterized either by VGLUT1 (cerebellar parallel fiber terminals, Pf and hippocampal Schaffer 
collateral terminals, Sc) or VGLUT2 (cerebellar climbing fiber terminals, Cf) contain Gf5- or Gy-subunits 
on their small synaptic vesicles. Double immunogold labeling (A-C) indicates that the transporter (large 
gold particles) and the G/?-subunits (small gold particle, several indicated by arrowheads) occasionally re- 
side on the same vesicle ( arrowheads in the insets in B and C). Gy 7 is associated with small synaptic vesi- 
cles in all three types of glutamatergic terminals (D-F). Immunogold signals for G-protein subunits associ- 
ated with the plasma membrane or a postsynaptic density are indicated by arrows (A-C, F) or open arrow- 
heads (D), respectively. Scale bar, 50 nm. (From Pahner et al. 2003, with permission) 
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Fig. 3A-C Direct comparison of 
Ga-, G/?-, and Gy-subunits on 
SSV in two glutamatergic termi- 
nal types. Association of G-pro- 
tein subunits was analyzed in 
parallel fiber ( Pf) or climbing fi- 
ber terminals ( Cf ). Columns re- 
present fractions of immunola- 
beled vesicles (percentage of to- 
tal number of vesicles) and com- 
bine data obtained from two ani- 
mals. The star denotes statistical 
significance (p< 0.05) according 
to the exact version of Pearson’s 
X 2 test. (Modified from Pahner et 
al. 2003, with permission) 
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Fig. 4 Gao2 but not Gaol 
downregulates serotonin uptake 
into a synaptic vesicle prepara- 
tion from rat brain. Crude synap- 
tic vesicles ( LP2 ) were loaded 
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by the plasma membrane transporter SERT and concentrate it by VMAT2 activity in se- 
cretory vesicles, i.e., large dense bodies. However, platelets do not contain Gao2, which is 
mainly expressed in neurons and neuroendocrine cells. Therefore, the question was 
whether VMAT2 activity in these cell fragments is also modulated by G proteins and what 
kind of G proteins are involved. In permeabilized platelets, the G protein activator GMpp- 
Np decreases V max and increases K m of VMAT2 activity ( Holtje et al. 2003; Fig. 5). The 
main G-protein a-subunit in platelets is Gaq. Using platelets from Gaq knock-out mice 
(kindly provided by S. Offermanns) it turned out that VMAT2 activity is regulated by 
Gaq in platelets while G-protein-mediated VMAT2 regulation in brain SSV is unaffected 
(H5ltje et al. 2003, Fig. 6). Thus, VMAT2 activity may be regulated by different G pro- 
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[serotonin] (|jM) 

Fig. 5 Kinetic analysis of VMAT2 activity in platelets in the absence or presence of GMppNp. SLO-per- 
meabilized platelets were loaded with increasing concentrations of [ ’H] serotonin (abscissa) in the absence 
( control ) or presence of 100 //M GMppNp. The G-protein activator decreased V 7 m . lx and increased K m . (From 
Holtje et al. 2003, with permission) 



teins depending on the respective tissue. These data may also be taken as an indication that 
the interaction between the Ga-subunits and the transporters are not direct but rather medi- 
ated by cytosolic or vesicle attached proteins. 

Glutamate uptake into SSV preparations from rat and mouse brain is also inhibited by 
the G-protein activator GMppNp (Pahner et al. 2003). In addition, both Gao2 and Gaq lo- 
calize to SSV of putative glutamatergic terminals (Pahner et al. 2003). However, GMpp- 
Np-mediated downregulation of glutamate uptake into SSV preparations is not affected in 
Gaq _/_ as well as in Gall _/_ knock-out mice. Incubation of SSV with monoclonal anti- 
bodies specific for Gao2, however, prevent the GMppNp-mediated inhibition of glutamate 
uptake, suggesting that Gao2 may be also involved in the regulation of VGLUT activities 
(Winter et al., manuscript in preparation). Future studies are needed to find out whether 
the different VGLUTs, VGLUT1-3, are regulated by different G-proteins. Depending on 
the type of glutamatergic terminal, it may well be that VGLUTs exhibit a similar promis- 
cuity for their regulation like VMAT2. 



Putative upstream and downstream signals of vesicular G proteins 

The presence of G-protein heterotrimers on secretory vesicles and the fact that vesicular 
properties in cell free preparations can be modulated by activating G proteins supports the 
idea that vesicular G proteins may be switched on from the luminal side. On the other side, 
G-protein a-subunits responsible for the transmitter transporter downregulation appear to 
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Fig. 6A, B Differential effects of Gaq on VMAT2 activity in brain and in platelets. A Crude synaptic vesi- 
cles (LP2), prepared from either wildtype or Gaq _/_ mice were loaded with [ 4 1 1 serotonin in the presence 
of 100 /A! GMppNp for 10 min. Columns represent the GMppNp-mediated inhibition of uptake expressed 
as percent of the uptake obtained in the absence of GMppNp. Data are combined from three individual ex- 
periments (mean±SD). B SLO permeabilized platelets from either wildtype or Gaq _/_ mice were subjected 
to serotonin uptake for 15 min in the absence or presence of 100 /AT GMppNp. Columns represent the 
GMppNp-mediated inhibition of uptake expressed as percent of the uptake obtained in the absence of 
GMppNp. Data are combined from five individual experiments (mean±SD). No inhibition was observed in 
Gaq _/ “ platelets. (From Winter et al. to be published and modified from Holtje et al. 2003, with permission) 



require cytosolic signal cascades with elements that are not necessarily associated with the 
vesicles. 



Vesicular filling as a regulator of vesicle-associated G proteins 

As outlined above (see “Variability in the transmitter content of individual vesicles”) ve- 
sicular filling can be varied by an overexpression of transmitter transporters or increasing 
the availability of transmitter. The opposite model characterized by empty vesicles is al- 
most impossible to obtain by pharmacological means because all drugs interfere more or 
less with the vesicular transmitter transporters. However, empty but otherwise fully 
equipped vesicles are required to study the impact of vesicular filling on G-protein regula- 
tion. Platelets are perfectly equipped for monoamine uptake and storage and their VMAT2 
activity is downregulated by Gaq. Platelets, however, are unable to synthesize serotonin, 
which they accumulate during their passage through the capillary system of gut villi. Us- 
ing platelets from mice deficient for the peripheral tryptophan hydroxylase (Tph)l (Wal- 
ther et al. 2001), the relation between vesicular filling and G-protein-mediated vesicular 
transmitter transporter regulation has been addressed. In Tph l _/_ platelets which con- 
tained only 6% of the serotonin of wildtype (wt) and no other monoamines, GMppNp fails 
to downregulate VMAT2 activity. Inhibition can be reconstituted when preloading plate- 
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Fig. 7 The vesicular transmitter content activates the GMppNp-mediated downregulation of VMAT2 activ- 
ity in platelets. Intact platelets from Tphl -/_ mice were incubated for 30 min with buffer alone or supple- 
mented with 15 /r M nonlabeled serotonin. No GMppNp-induced inhibition was observed in platelets receiv- 
ing just buffer during the preincubation. After preincubation and following SLO-permeabilization, the addi- 
tion of GMppNp inhibited the vesicular [ 3 H] serotonin uptake by 50%. Values given in pmol/mg protein 
represent the mean of data obtained from three samples±SD. Statistical significance (p= 0.022) was verified 
using Student’s t test. (From Holtje et al. 2003, with permission) 



lets, thereby adjusting serotonin levels to the one of wt platelets (Holtje et al. 2003; 
Fig. 7). These data provide the first evidence that the vesicular filling triggers G-protein 
activation and that this regulation is sustained by the vesicle itself. The data also suggest 
that a signal cascade can be switched on from the luminal side of an organelle. The nature 
of the involved putative receptor which might face the vesicular lumen is unknown. So 
far, all types of vesicles analyzed exhibit a G-protein regulation of their transmitter trans- 
porter activity. Therefore, one can tentatively speculate that the luminal sensor is provided 
by the transmitter transporters themselves which are specific for their respective transmit- 
ters independent from the type of the vesicle they reside on. This idea is supported by re- 
cent analysis from our lab using VMAT-transfected CHO cell lines which express Go-pro- 
teins but do not synthesize monoamines. Preloading permeabilized CHO-VMAT1 cells 
with dopamine noradrenaline, adrenaline, or serotonin increases the inhibition of the fol- 
lowing [ 3 H] serotonin uptake by GMppNp (Brunk et al., manuscript in preparation). 



Modulation of transporter activity by cytosolic components 

While the vesicular filling may represent the upstream signal for G-protein activation, the 
question is how the G protein interferes with the transmitter transporter. So far, no indica- 
tions have been obtained that this interaction is a direct one. In addition, using permeabi- 
lized cells effects of G-protein activators on transmitter uptake are more pronounced than 
when using isolated secretory vesicle preparation. This indicates that vesicles lose attached 
cytosolic components during purification which may be involved in the regulation of 
transmitter transporter activity by G proteins. Putative downstream signals could be 
cAMP-mediated processes. Increasing cAMP diminishes vesicular monoamine uptake in 
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PC 12 cells in a PKA-sensitive manner (Nakanishi et al. 1995a, b). Similar vesicular sero- 
tonin uptake mediated by VMAT2 (Pahner et al. 2003) but not the VMAT2-mediated se- 
rotonin uptake into platelets (S. Winter, M. Holtje, G. Ahnert-Hilger, unpublished obser- 
vation) can be downregulated by cAMP. These observations suggest that, depending on 
the G protein involved (Gao2 in brain, Gaq in platelets), different down stream signals 
work. When directly comparing vesicular uptake for serotonin or glutamate, cAMP had no 
effects on the latter, suggesting that different transmitter transporters are linked to different 
signal transduction pathways (Pahner et al. 2003). 

Phosphorylation of VMAT2 has been shown to occur at serine residues by casein ki- 
nase II. However, modification of these residues do not change kinetic parameters. 
Whether phosphorylation is also involved in the GMppNp-mediated downregulation of 
VMAT2 is not clear so far and may be less likely given the fact that VMAT1 is not phos- 
phorylated (Krantz et al. 1997). Protein kinase C-mediated phosphorylation may be in- 
volved in the regulation of VAChT- activity, since activators of PKC decrease binding of 
the VAChT inhibitor vesamicol (Clarizia et al. 1999). 

Overexpression of Rab3A and Rab3B correlated with an increased amount of phospho- 
inositide 3-kinase have been shown to increase V max of VMAT1 activity in PC 12 cells. 
These data indicate that small GTP-binding proteins might also be involved in the regula- 
tion of vesicular filling (Francis et al. 2002). However, it is not clear whether an increased 
expression of VMAT1 activity accounts for the increased vesicular transmitter uptake. Us- 
ing rab3a knock-out mice, the GMppNp-mediated downregulation of serotonin uptake into 
SSV preparations from brain is unchanged compared to SSV preparations from wild-type 
animals (S. Winter, M. Holtje, G. Ahnert-Hilger, unpublished observation). 

Uptake of glutamate and GABA into SSV can be inhibited by a cytosolic protein of 
103 kDa named inhibitory protein factor (IPF; Ozkan et al. 1997). This protein appears to 
be concentrated in synaptosomal cytosol and also interferes with glutamate, GABA ,and 
serotonin release probably due to an impaired uptake (Tamura et al. 2001). IPF could be 
one of the cytosolic factors involved in the G protein-mediated transmitter transporter 
downregulation. 

Taken together, these data suggest that vesicular transmitter transporters may change 
their functional properties probably by involving cytosolic proteins and various types of 
phosphorylations. Whether and how these modulations are linked to heterotrimeric G pro- 
teins residing on secretory vesicles has yet to be determined. 



Plasma membrane receptor-mediated changes of vesicular filling 

Regulation of vesicular filling irrespective of whether the vesicles reside in neurons, neu- 
roendocrine cells, or even platelets can be sustained at the vesicular level. Physiologically, 
such a regulation should be adapted to the surrounding environment, or, in the case of neu- 
rons, to the requirements of the neuronal network. Therefore, a vesicular regulation of 
transmitter content should be linked to plasma membrane receptors. There are only very 
few data showing a link between plasma membrane receptors and vesicular content. D2- 
like dopamine receptors reduce quantal size in PC 12 cells due to an inhibition of tryrosine 
hydroxylase activity (Pothos et al. 1998a). Treatment of midbrain dopamine neurons with 
glial-derived neurotrophic factor increases their quantal size (Pothos et al. 1998b). Thus, 
environmental changes of neurons and neuroendocrine cells can activate plasma mem- 
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brane receptors, which then in turn influence transmitter filling mediated by vesicular G 
proteins. 



Conclusions 

Variations in the transmitter content of secretory vesicles are mediated by vesicle-associat- 
ed heterotrimeric G proteins. Gao2 and Gaq regulate VMAT activities in brain or plate- 
lets, respectively; the G proteins involved in the control of VGLUTs have to be identified. 
As suggested from the platelet and other models, the vesicular content appears to activate 
the G protein. This signal transduction form the luminal site might be mediated by a vesic- 
ular G-protein coupled receptor, or, as an alternative possibility, by the transporter itself 
(Fig. 8). These novel functions of G proteins in the control of transmitter storage may link 
regulation of the vesicular content to intracellular signal cascades. 




Fig. 8A, B Regulation of vesicular transmitter transporters by vesicle-associated G proteins. A As predicted 
for the VMAT regulation in platelets from Tph [ mice, the transmitter content activates the G protein 
which then modifies transporter activity using intracellular signal cascades to be identified. B The structure 
sensing the transmitter content might be a G-protein-coupled receptor ( GPCR ) of unknown identity so far. 
As an alternative possibility, the transporter by its intravesicular loops senses the transmitter content (as a 
VMAT-GPCR) and turns the G protein on 
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- On a diskette [you may use .tar, .zip, .gzip 
(.gz), .sit, and compress (.Z)] 

- On a ZIP cartridge 

- On a CD-ROM 

Please always supply the following information 
with your data: journal title, operating system, 
word processing program, drawing program, 
image processing program, compression pro- 
gram. 

The file name should be memorable (e.g., author 
name), have no more than 8 characters, and 
include no accents or special symbols. Use only 
the extensions that the program assigns automati- 
cally. 



5 Proofreading 



Authors should make their proof corrections 
on a printout of the pdf file supplied, checking 
that the text is complete and that all figures and 
tables are included. After online publication, 
further changes can only be made in the form 
of an Erratum, which will be hyperlinked to the 
article. The author is entitled to formal correc- 
tions only. Substantial changes in content, e.g. 
new results, corrected values, title and authors- 
hip are not allowed without the approval of the 
editor in charge. In such a case please contact 
the Editor in charge before returning the proofs 
to the publisher. 



6 Offprints, Free copy 



You are entitled to receive a pdf file of your 
article for your own personal use. Orders for off- 
prints can be placed by returning the order form 
with the corrected proofs. One complimentary 
copy of the issue in which your article appears is 
supplied. 
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